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ABSTRACT 
 
Measurement and Analysis of the Dimensionless Extinction Constant for Diesel and 
Biodiesel Soot:  Influence of Pressure, Wavelength and Fuel-Type 
 
 
Seuk Cheun Choi 
Mun Young Choi, Ph.D. 
 
 
 The dimensionless extinction constant of soot is an important parameter that is 
used for the measurement of soot concentration, soot temperature and radiative properties 
of soot-containing environments.  In this dissertation, the dimensionless extinction 
constants, Ke of soot produced from a small laminar flame burning ultra low sulfur diesel 
(ULSD) and soy methyl ester (B100) biodiesel fuel were measured under a variety of 
operating conditions in which the pressure was varied from 1 atm to 5 atm.  Experiments 
were also performed using visible light source (He-Ne laser) at 632.8 nm and in the 
infrared spectrum using a solid-state diode laser at 1064 nm.  Experiments were 
performed using a Transmission Cell Reciprocal Nephelometer (TCRN) in which 
simultaneous gravimetric sampling and light extinction techniques (GSLE) were 
employed.   
 The GSLE technique and apparatus were significantly improved for this 
investigation to provide accurate values of Ke for both diesel and biodiesel soot.  The 
improvements included the design of a high pressure combustion chamber and a diffusion 
flame burner for high soot yield, analysis and experimental modifications to reduce the 
influence of soot deposition, detailed calibration of the mass, soot sampling, and light 
extinction measurements to reduce uncertainties in the measurement of Ke.   
 The measurements of the Ke values for diesel and biodiesel soot ranged from 9.4 
to 12.8. 
These values are significantly higher than the traditional value of Ke equal to 4.9 (used in 
many previous light extinction soot experiments) that is calculated using refractive index 
and the Rayleigh limit solution.  The use of the traditional value can introduce significant 
errors (over-predicting soot volume fraction by a factor of two or more) in the soot 
 xiv
 
concentration measurements.  The Ke values measured in this dissertation can be used for 
accurate analysis of experimental measurements of light extinction for soot volume 
fraction, temperature and soot volume fraction measurements using two-wavelength 
pyrometry and soot concentration and distribution using laser-induced incandescence 
methods.   
 The variation in the measured Ke values was influenced by fuel-type, wavelength 
and operating pressure.  Additional analysis of the physical and fractal properties of the 
soot, which can influence the scattering component and beam shielding effects on the 
dimensionless extinction constant, was performed.  These measurements included the 
primary particle size, radius of gyration of the agglomerate, and fractal dimensions 
employing non-subjective image processing of electron micrographs.  The nanostructure 
of the particles (including fringe length and tortuosity of the carbon lamella), which can 
influence the absorption component of the dimensionless extinction constant, was 
analyzed using high resolution transmission electron microscopy.   
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CHAPTER 1: Introduction 
1.1 Introduction 
The continuing global industrialization has caused a dramatic increase in the 
demand for energy, especially for fossil-based fuels such as petroleum, natural gas and 
coal.  This increase in demand is not only compounded due to recent development of 
China and India as major manufacturing nations but also associated with the overall 
increase in the world population.  The confluence of these events has resulted in the 
increase in demand for energy usage in the residential, commercial, industrial, and 
transportation sectors as displayed in Figure 1.1.a (Hinrichs and Kleinbach, 2002; 
DoESA, 2001).  The energy consumption of fossil fuel in 2004 (100.7 Quadrillion BTU) 
showed a 20 % increase compared to the energy consumption for fossil fuel in 1990 (84.7 
Quadrillion BTU) (DoE, 2006; DoE, 2007).  In the United States, the Department of 
Energy (DoE) reported that about 100 Quadrillion BTU was the total energy consumption 
during 2006 (DoE, 2006).  Fossil-based fuel usage (petroleum, natural gas and coal) 
represented 40 % of the total in 2006 and its usage has increased significantly over the 
past century as displayed in Figure 1.1.b. 
Figure 1.2.a displays the various sectors of the economy that utilize fossil fuels 
which demonstrate that the predominant use is in the transportation sector (DoE, 2006).  
Figure 1.2.b shows the allocation of the use of the various types of liquid fuels.  With the 
dominance of gasoline powerplants used in the vehicles sold in the United States, 
gasoline use represents a significant fraction at 57 % in 2006.  Second only to gasoline is 
diesel use which is manifested through the prevalence of diesel powerplants used in light 
to heavy-duty trucks in the United States.  
 2
Diesel is a fuel that is composed of a mixture of hydrocarbons of different 
molecular weights and boiling points in the range of 180 to 420 oC and is produced by 
distilling crude oil.  The characteristics of the distillation ranges and the overlap with 
other types of transportation and aviation fuels are shown in Figure 1.3 (Faiz et al., 1996).  
As displayed in the figure, the primary components of diesel fuel include kerosene, light 
gas oil and heavy gas oil with some components of heavy residual fuel oil.  The diesel 
engines that operate at high speeds used in on-road vehicles use fuels that are primarily 
composed of the middle distillate involving light and heavy gas oils (Faiz, et al., 1996).  
The low-speed diesel engines used for generation and ship propulsion utilize diesel fuel 
with a high component of the heavy residual fuel oils. 
In addition to applications for the transportation sector, diesel fuels are used for a 
variety of energy conversion purposes in civilian, commercial and military applications.  
There are many positive benefits for using diesel fuels and they include high energy 
efficiency (i.e. volumetric energy density which is 10 % higher than that for same amount 
of gasoline), low maintenance cost (use of compression ignition as opposed to spark 
ignition) and is thus suitable for high efficiency powerplant applications (MacLean and 
Lave, 2003).  However, there are several disadvantages related to diesel combustion and 
they are related to the environmental and health impacts caused by diesel particulate 
emissions.  The burning of diesel in a gas turbine produces a significant amount of 
particulate emissions (Rogge et al., 1997).  Diesel engines also produce significantly 
more soot compared to gasoline engines.  The black visible smoke that emanates from 
diesel powered on-road light duty and heavy duty vehicles are a major source of 
environmental particulate matter in urban centers of developing countries (Faiz et al., 
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1996).  Therefore, reduction of diesel particulate emissions has become a major focus in 
the combustion community due to the restrictive air pollution regulations imposed by 
various governmental and environmental agencies.  For example, in 2002, the EPA 
reported that, emissions from all usages such as land-based on-road engines for PM10 
(particulate matter less than 10 μm in diameter) emissions decreased 35 % from 1980 to 
1999 (See Figure 1.4).  During the same period, the on-road diesel vehicle PM10 
emissions decreased 27 % as displayed in Figure 1.4.  The projections to 2030 by the 
EPA indicate that the on-road PM10 emission will be significantly reduced due to 
regulation and improved particle mitigation techniques.  However, the non-road PM10 
emission is expected to increase by 40 – 45 % in 2030 from 2007 levels (EPA, 2002).  
Therefore, additional investments in research and development to reduce particle 
emission from diesel engines through a variety of methods including: 
• in-cylinder treatment to increase engine efficiency that results in reduced soot 
formation and oxidation 
• after-treatment of exhaust treatment that includes diesel particulate filtering 
and catalytic reactions 
• and use of alternative fuels that display lower sooting tendency compared to 
diesel 
will need to be explored. 
 There are important health and environmental factors for reducing the amount of 
soot produced from stationary and portable powerplants using diesel fuel.  For example, 
the effect of soot on human health is associated with several serious human illnesses.  
Exposure to soot can cause bronchitis, respiratory disease and cancer.  Sir Percival Pott 
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provided the first observation in 1775 that the incidence of cancer was related with 
exposure to soot.  Kuroda and coauthors (1967) were the first researchers to reveal the 
evidence that soot was a factor in some cancers in 1936 (Barfknecht, 1983).  The number 
of deaths related to soot (carbonaceous material) was estimated at 60,000 annually in US 
in 1993 (Styer et al., 1999).  In recent years, particulate matter (PM, mostly soot) has 
been studied to define its relationship with human diseases.  Particles that are less than 10 
μm in diameter are referred to as particulate matter (PM10).  These ultra-fine particles are 
the cause of many serious problems such as asthma, pulmonary disease, cardiovascular 
diseases, and strokes.  In general, ultra-fine particles produced from the combustion 
process as agglomerates that can be transported through the prevailing winds and deposit 
on surfaces and be ingested by humans and animals (Donaldson et al., 2001).  For 
example, soot and other fine particles (with dimensions < 2.5 μm) have been transported 
from the east coast of Asia across the Pacific Ocean through prevailing wind patterns to 
the United States (Hadley et al., 2007).   
Soot and particulate matter not only affect human health, but they also affect the 
environment through climate changes.  For example, soot in atmospheric aerosols is also 
the second most important element of global warming components such as CH4, CO2, 
and CFC   (Jacobson at al., 2001).  In addition, the existence of excessive amounts of 
soot (carbonaceous material) in the air has been found to cause climate changes in many 
parts of the world (Menon et al., 2002).  The presence of soot in aerosol form in the 
environment absorbs solar radiation and heats the surrounding air, making the 
atmosphere unstable (commonly referred to as light absorbed carbon).  The convection 
due to the rise of the heated air, exacerbated by the absorption of solar radiation by the 
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solid particles which display broader absorption spectrum compared to gaseous 
components, forms clouds and can bring additional precipitation.  This process can lead 
to increased severity of dust storms and droughts which are seen in some regions of the 
world while other parts of the world experience increased precipitation (Menon et al., 
2002).   
There are other effects of soot in modifying global climate changes.  The transport 
and deposition of soot (formed through natural causes such as forest fires and industrial 
by-products) on polar icecaps have been identified as a major source for the accelerated 
melting of the icecaps.  The deposition of soot on the otherwise reflective icecaps enables 
higher rates of absorption of solar radiation and lead to increased temperature and faster 
rates of melting of the icecap which can lead to rise in the ocean levels, changes in the 
moisture content of air and more severe storms as a result of these combinations.  
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1.2 Examination of Biodiesel as an Alternative to Diesel 
The EPA Clean Air Act has also led to the development and utilization of 
renewable energy sources such as tidal and wave energy harvesting, solar energy, wind 
energy, biomass energy, etc.  Each of these alternative energy sources provides tangible 
benefits but also presents measurable challenges in their implementation as alternatives to 
traditional fossil-based fuel energy conversion (EPA, 2002).  However, for the purpose of 
direct alternatives to diesel fuels that can utilize existing infrastructure for transport, 
storage and combustion, biomass fuels are of great import.  There are several reasons 
why biomass fuels such as biodiesel are attractive alternative energy sources (Crabbe et 
al., 2001, Monyem, 2001).  First and foremost, biodiesel is a renewable resource that can 
decrease our dependence on imported petroleum.  Second, it has been shown that 
biodiesel produces significantly lower levels of particulate matter (PM), unburned 
hydrocarbons (UHC) and carbon monoxide (CO) compared to diesel fuel combustion.  
Figure 1.5 displays the measured HC emission, carbon monoxide emission and 
particulate emission from diesel and biodiesel (B20) fuel burning in an engine (Engine 
model: 1996 Dodge Ram PU, 5.9 liters, 8 V Cylinder for front longitudinal engine with 
101.6 mm bore, 90.9 mm stroke, 8.9 compression ratio, overhead valve and two valves 
per cylinder) (Durbin et al., 2000). 
The attractiveness of biodiesel as a transportation fuel is that it can be used in 
blends from B20 (20 % biodiesel and 80 % diesel) to B100 (pure biodiesel) in diesel 
engines without significant loss in performance and without modifications to the 
operation of the engines (Dobbins and Mulholland, 1994; Dobbins et al., 1990).   
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Table 1.1 Physical and chemical properties of diesel and biodiesel fuels 
 
  Diesel Biodiesel 
Brand name 
 
Ultra Low Sulfur 
Diesel (ULSD) 
World Energy B100 
(aka Envirodiesel B100) 
 
Sulfur mass (wt ppm) 15 (Max) 0 
 
Oxygen content (wt %) 0 10 
 
Flash point (oC/min) >52 149 
 
Density (g/cm3@15oC) 0.85 0.86 
 
Net heating value (Btu/lb) 19,000 17,355 
 
Cetane number (Min) 42 50.9 
 
Table 1.1 displays the comparison of the physical and chemical properties of 
diesel and biodiesel fuels.  Typical diesel fuel contains 0.1 to 0.5 % (by mass) of sulfur 
and even the ultra low sulfur diesel (used in this dissertation study) contains measurable 
sulfur content compared to the negligible values found in biodiesel.  The sulfur in the 
diesel manifests itself into the production of SO2, metal sulfates and sulfuric acid.  The 
Cetane number is a measure of the ignitability of the fuel and indicates the reliability of 
spontaneous ignition under the conditions achieved in the combustion chamber.  The 
higher Cetane number of biodiesel illustrate a shorter delay in ignition between injection 
and ignition and represent a higher degree of ignitability. 
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Table 1.2 Acidity index from crude bio-oil and thermophysical properties of  
   biodiesel derived from animal fat and vegetable oil (Alcantara et al.,  
   2000; Ma et al., 1998; Demirbas, 2005) 
 
 Biodiesel (Animal fat)
 
Biodiesel (Soy Methyl 
Ester, B100) 
 
Acidity index (%) 6.8 0.53 
 
Viscosity (mm2/s, 288.2 K) 480 410 
 
Density (g/cm3, 313.2 K) 0.882 0.891 
 
Cetane number 58.8 50.9 
 
Flash point (K) 390.2 404.2 
 
Biodiesel is an ester-based compound that can be readily formed from animal fat 
and vegetable oil.  The production of biofuels is a process that includes steps such as 
thermochemical conversion processes and biochemical conversion processes using 
catalytic or non-catalytic methods (Demirbas, 2007).  The primary differences between 
the biodiesel from animal fat (i.e., tallow) and vegetable sources (i.e., soybean, sunflower 
seed, corn marrow, soybean, kernels, wheat grain, etc) are in the properties of viscosity, 
flash point, acidity and cetane number as shown in Table 1.2. 
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1. 3 Soot Properties and Characteristics 
The burning of hydrocarbon fuels can lead to the production of carbonaceous 
materials, commonly referred to as soot.  Soot particles possess carbon, hydrogen and 
trace elements that form both amorphous and graphitic structures (Palmer and Cullis, 
1965).  Palmer and Cullis (1965) described the chemical formula of soot as 
approximately equivalent to C8H.  Subsequent research reported that the H/C ratio of soot 
is strongly dependent upon fuel composition (Dalzell and Sarofim, 1969; Habib and 
Vervisch, 1988).  Dalzell and Sarofim (1969) observed that the H/C ratio of soot is 0.22 
and 0.06 for soot collected from diffusion flames of propane and acetylene, respectively.  
Habib and Vervisch (1988) also reported that the H/C ratio of soot is strongly related 
with fuel.  In their study, they measured the chemical properties of soot collected from 
methane, propane, and ethylene flames.  Another important observation made by Habib 
and Vervisch (1988) was that H/C ratio of the parent fuel was related to the H/C ratio of 
the soot.  Table 1.3 displays the measurement of the H/C ratio of methane, propane, and 
ethylene fuel and the corresponding values for the collected soot.  The H/C ratio of the 
soot can define the degree of graphitization of soot which can affect the absorption of 
radiation. 
   
Table 1.3 Previous measured H/C ratio of collected soot from methane, propane, and 
ethylene flames (Habib and Vervisch, 1988) 
 
  H/C ratio of soot 
 
Methane (CH4) 0.3 
 
Propane (C3H8) 0.23 
 
Ethylene (C2H4) 0.08 
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The soot formation process and the mechanisms for the variations in the physical, 
chemical, and fractal properties are very complex.  Many investigations have attempted 
to describe the soot formation process using semi-empirical (Moss et al., 1988; Syed et 
al., 1991) and detailed chemical kinetic mechanisms (Frenklach and Wang, 1991; 
Frenklach and Wang, 1994) as described in the review by Kennedy (1997).  A common 
theme that has emerged as the fundamental processes of soot formation mechanisms are 
the major global steps that involve: 
• Pyrolysis of the parent hydrocarbon fuel that leads to the formation of smaller 
hydrocarbon radicals that are eventually devolved into small hydrocarbon such as 
CH4 and C2H2     
• Formation of aromatic molecules such as benzene through the reaction of 
pyrolysis intermediates that serves as the primary building block of soot 
precursors. 
• The growth of the aromatic molecules into larger poly-aromatic hydrocarbons 
(PAHs) through hydrogen abstraction and carbon (through C2H2) addition.  This 
important process of surface growth is known as the HACA mechanism 
(Frenklach and Wang, 1991)   
• With the subsequent growth of the PAH molecules through the HACA mechanism 
and collisions with other PAH molecules, the molecular weight increases that 
results in a phase change from gaseous to liquid, tar-like structure as reported by 
Hwang (2004).  The phase transition occurs at a molecular weight of the PAH 
molecules at around 300 amu (Frenklach and Ebert, 1998)   
• The confluence of the larger molecular weight PAH molecules reaching the 
 11
critical molecular weight of 300 amu and the extended periods in which the PAH 
molecules experience high temperatures produced within the flame causes the 
carbonization (inception) of nascent, solid soot particles.  This transition is 
expected to occur at a carbonization temperature of 1,500 K (Dobbins et al., 1996)   
• The nascent particles that are formed through the carbonization process range in 
size from 2 to 5 nm.  Following the soot inception process, significant growth in 
the mass of the particles through surface reactions occurs.  The mechanism 
through which hydrogen abstraction and carbon addition also plays a key role in 
this surface growth process (Frenklach, 2002).  In addition, collisions among soot 
particles lead to coagulation into larger particles.  The combined processes can 
lead to primary particle dimensions of mature soot that range from 10’s of nm to 
100’s of nm.  
• The mature soot particles coalesce and agglomerate to form large chain-like 
structures than can possess 10’s to 1000’s of soot particles. 
 
Figure 1.6 displays a scanning electron micrograph (SEM) of two diesel soot 
agglomerates obtained at a magnification of 48,000x.  The soot particles were collected 
using thermophoretic sampling techniques as described in (Dobbins and Megardis, 1987).  
The figure clearly delineates the distinct circular primary particles that form the 
agglomerates.  Experimental measurements of the soot primary particle from SEM (or 
transmission electron micrograph, TEM) typically display a monodisperse size 
distribution with narrow standard deviations about the average values (Zhu, 2002).  The 
average values of primary particle diameters have been measured previously for a variety 
of fuels burned under a range of combustion conditions involving premixed flames (Zhu 
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et al., 2000) and diffusion flames (Mulholland and Choi, 1998; Zhu et al., 2002; Williams 
et al., 2007).  The dimensions of the primary particle for soot varies with different fuel 
types (H/C ratio), different soot sample positions (height above the burner representing 
differences in the time-temperature history experienced by the soot particles), and 
different combustion conditions of premixed, diffusion, laminar, and turbulent flames 
(Dalzell and Sarofim, 1969; Dobbins and Megaridis, 1987; Charalampopoulos and Chang, 
1991; Koylu and Faeth, 1992; Zhu et al., 2000; Koylu et al., 1995; Jensen et al., 2007; 
William et al., 2007).  Table 1.4 displays the measured values of the primary particles 
and the conditions of measurements from previous investigations.  
As displayed in Figure 1.6, soot agglomerates are composed of individual soot 
primary particles that are arranged to form mass fractal objects (Koylu and Faeth, 1992; 
Koylu et al., 1995).  Soot agglomerates collected from flames can contain from a few 
primary particles to 1000’s of primary particles (Haynes and Wagner, 1981).  The size of 
agglomerate is also commonly measured through image processing analysis of TEM or 
SEM images.  The soot agglomerate dimensions are commonly quantified using the 
definition of the radius of gyration, Rg.  The radius of gyration of agglomerate is defined 
as: 
 
∑
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    (1.1) 
where ri is the distance between the center of an individual primary particle and the 
centroid of the associated aggregate, and Np is the number of primary particles 
comprising the agglomerate.  A graphical description of the soot agglomerate, ri and Rg is 
 13
displayed in Figure 1.7.    
 
Table 1.4 Summary of primary particle (dp) of soot 
 
 
Investigation dp (nm) Flame conditions Type of Soot 
Dalzell and Sarofim, 1969 5 - 80 
 
Laminar diffusion 
flames Propane (C3H8) 
Dobbins and Megaridis, 
1987 10 - 40 
 
Coannular  diffusion 
flame Ethene (C2H4) 
 
Charalampopoulos and 
Chang, 1991 8 – 29 Premixed flames Propane (C3H8) 
 
Koylu and Faeth, 1992; 
Koylu et al., 1995 
47 
Turbulent diffusion 
flames 
 
Acetylene (C2H2) 
50 
 
Benzene (C6H6) 
32 
 
Ethylene (C2H4) 
30 
 
Propane (C3H8) 
41 
 
Propylene (C3H6) 
Zhu et al., 2000; 
Zhu et al., 2002 
37 
Laminar diffusion 
flames 
 
Ethylene (C2H4) 
51 
 
Acetylene (C2H2) 
 
Jensen et al., 2007 57 - 74 Pool fires JP-8 
William et al., 2007 
41 
Coannular  diffusion 
flame 
 
Kerosene 
36 
 
Ethene (C2H4) 
20 
 
Methane (CH4) 
 
The radius of gyration is an important parameter of soot that provides insights 
regarding the agglomeration process and the number of particles comprising the 
agglomerate.  The Rg measurements of soot also vary widely depending on the fuel type 
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(initial H/C ratio), different sampling location of the soot (defined by height above the 
burner surface which also denotes variation in the residence time) and different burning 
conditions (Koylu and Faeth, 1992; Koylu et al., 1995; Charalampopoulos and Chang, 
1991).  For example, Zhu and coauthors (2000) measured the value for radius of gyration 
using image processing analysis (to be described in a subsequent section) technique for 
ethylene soot and acetylene soot produced from diffusion flames.  The measured values 
for the radius of gyration were 175 nm and 241 nm, respectively.   Radius of gyration 
measurements have also been performed using radial distribution of the scattering 
intensity from soot-containing medium (Koylu and Faeth, 1994).  In the scattering 
experiments, the results were affected by self-absorption of the scattering signal which 
required correction and calibration through the use of the soot optical properties and thus 
greater difficulty of implementation.  Table 1.5 displays the measured values of the 
radius of gyration and the conditions of measurements from previous investigations.  
Soot agglomerates form mass fractal objects that are defined by the primary 
particle dimension, agglomerate dimension, and fractal dimensions.  Using fractal 
geometry analysis, the number of primary particles comprising the agglomerate, Np, the 
radius of gyration, and fractal dimensions are related by the following equation (Koylu et 
al., 1995):  
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⎛=     (1.2) 
where, kf is the prefactor term, Df is the fractal dimension, Rg is the radius of gyration, 
and dp is the primary particle diameter. 
 
 15
Table 1.5 Summary of radius of gyration (Rg) of soot 
  
 
Investigation Rg (nm) Flame conditions Type of Soot 
 
Charalampopoulos and 
Chang, 1991 18 – 84 Premixed flames Propane (C3H8) 
Koylu and Faeth, 1992; 
Koylu et al., 1995 
472 
Turbulent diffusion 
flames 
 
Acetylene (C2H2) 
653 
 
Benzene (C6H6) 
387 
 
Ethylene (C2H4) 
313 
 
Propane (C3H8) 
435 
 
Propylene (C3H6) 
Zhu et al., 2000; 
Zhu et al., 2002 
175 
Laminar diffusion 
flames 
 
Ethylene (C2H4) 
241 
 
Acetylene (C2H2) 
Jensen et al., 2007 239 - 340 Pool fires 
 
JP-8 
William et al., 2007 
74 
Coannular  
diffusion flame 
 
Kerosene 
62 
 
Ethene (C2H4) 
18 
 
Methane (CH4) 
 
 Figure 1.8 (Stanley and Ostrowsky, 1986) displays the six different types of 
mechanism of the soot agglomeration process with reaction-limited, ballistic (free-
molecular approach) and diffusion-limited (continuum approach).  The structure of the 
soot agglomerate can be divided into two broader categories of particle-cluster 
agglomeration in which individual particles collide with existing agglomerates.  In the 
cluster-cluster agglomeration mechanism, the reactions do not involve individual 
particles but rather existing agglomerates colliding to form larger clusters.  For both the 
particle-cluster and cluster-cluster mechanisms, the shape and structure of the 
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agglomerates are determined by the fractal dimension and the regime in which the 
agglomeration that occurs (reaction-limited, ballistic and diffusion-limited).  For all 
cases, higher values of fractal dimension produce more compact structure as opposed to 
the wispy, chain-like structure observed at the lower values of the fractal dimension.  
Furthermore, the particle-cluster agglomeration produces structures that are more 
compact since the individual particles (which have smaller cross-sectional areas and sizes 
compared to clusters of primary particles) can be transported towards the center of the 
cluster without sticking to the outer edges of the cluster.  
    
Table 1.6 Summary of soot density measurements 
 
 
Investigation ρs (g/cm3) Type of soot 
 
Rossman and Smith, 1943 1.84 Acetylene 
 
Janzen et al., 1980 1.82 – 1.85 Carbon black 
 
Choi et al, 1995 1.74 Acetylene 
 
Jensen et al., 2007 1.83 JP-8 
 
The density (ρs) is an important physical property of soot and is measured using 
Helium pycnometry.  Helium pyncnometry is a technique that is operated on the 
following principle.  The collected soot sample (typically 1 gram is required) is 
compressed in a chamber and Helium is introduced into the chamber at a heated 
temperature of (typically 343 K).  The purpose of using helium is that it can penetrate 
through the smallest cavities within the compressed soot sample.  The helium gas is then 
evacuated into a separate chamber that has been maintained at vacuum conditions and the 
pressures in both chambers are measured after the equilibration process.  The density is 
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then determined by the measured pressures in the two chambers and the calculated 
volume (Choi et al., 1995; Rossman and Smith, 1943).   There have been many 
measurements of soot density for different fuels and they are presented in Table 1.6.  The 
values range from 1.74 g/cm3 to 1.85 g/cm3 depending on fuel type and burning 
conditions.  For this study, the value of 1.74 g/cm3 was used since it has become a 
standard density for soot (Tree and Svenson, 2007) and is commonly used for the 
analysis and comparison of soot optical properties.   
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1. 4 Soot Exhaust Emission Measurement Techniques 
Emission from vehicles is typically measured using experimental apparatus 
involving a chassis dynamometer and a dilution tunnel to sample the gases and 
particulates from the exhaust (See Figure 1.9; Faiz at al., 1995).  After being installed on 
the dynamometer, vehicles are operated under steady-state and transient protocols that are 
established to simulate actual driving conditions encountered during on-road use.  
Various analytical equipment and sampling filters are used to analyze carbon monoxide, 
unburned hydrocarbon, nitrous oxides, and particulate matter, namely soot.  A constant 
volume system is used to dilute, cool and collect the samples.  The transient cycles 
involve periods of cold start, hot stabilized, and hot start.  The measured samples of the 
emission represent weighted averages for the different phases.  Therefore, the analytical 
measurements for particulate matter rely on sampling and subsequent analysis and thus 
do not provide time (or event) specific transient results for the emission.  Experiments, 
however, have demonstrated significant variations in total particulate matter 
measurements between the transient and steady-state operating conditions (Cornetti, et al., 
1988).  The primary factor causing the large difference is due to the inability to 
accurately analyze the influence of changes in the air/fuel mixture which has a strong 
effect on the formation and emission of soot.  Furthermore, the particulate emission from 
the diesel engines is strongly dependent on the speed and acceleration of the vehicle 
which cannot be adequately described by steady-state measurements. 
There are obvious benefits for accurate transient measurements of particulate 
mass from diesel powerplants.  The most promising technologies for this application rely 
on non-intrusive techniques utilizing radiative emission (natural or induced by excitation) 
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or laser-light extinction.  These techniques can enable remote sensing based on stationary 
detection units (See Figure 1.10) or through on-board, portable systems.  The next 
sections will describe the various techniques including light extinction, two-wavelength 
pyrometry and laser-induced incandescence that are applicable for accurate, transient 
measurement of particulate emission.  It is important to note that all of these techniques 
require calibration using measured or calculated optical properties of soot.      
The non-intrusive nature of the diagnostic techniques of light extinction, two-
wavelength pyrometry and laser-induced incandescence are ideal for remote sensing of 
soot concentration.  The experimental apparatus for some of these applications can be 
miniaturized into compact packages to be used as on-board, portable systems as well. 
 Two-wavelength pyrometry is a technique that relies on spectral emission from 
soot-containing medium.  The utility of this technique is that it can be used to 
simultaneously measure the soot volume fraction and the flame temperature.  Two-
wavelength pyrometry has been applied to analyze flame structure and radiative 
properties (Sivathanu and Faeth, 1990; Choi et al, 1994).  A schematic of an apparatus 
used for two-wavelength pyrometry is shown in Figure 1.11 (Choi et al, 1994).  Two 
detectors, which are calibrated using a standardized blackbody source, are utilized to 
detect the emission from the same volume of soot-containing gases (typically using a 
bifurcated fiber optic cable).  In previous applications of this technique, emission 
spectrums from the visible to near-infrared have been used.  The emission intensities at 
two wavelengths are described by the following equation in which the wavelengths of 
900 nm and 1000 nm are utilized: 
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where Keλ is the spectral dimensionless extinction constant of soot and Fλ is the 
wavelength dependence characteristics of the detection system (which can be measured 
using the response to known intensities such as that provided by a blackbody operating at 
known temperatures), L is the path length and Ibλ is the Planck’s function where h is the 
Planck’s constant, c is the speed of light, kb is the Boltzman’s constant, fv is the soot 
volume fraction, and T is the soot temperature.  The equations 1.3 and 1.4 can be solved 
for the two unknowns, namely the soot volume fraction and temperature, if the magnitude 
and spectral variation of the soot optical properties (Keλ) are measured from the visible to 
the near-infrared spectrum. Depending on the response time of the detector system, the 
emission and thus the resulting temperature can be obtained with a high degree of 
resolution.  An important limitation of this technique is the requirement of significant 
emission from the soot containing medium.  Typical exhaust temperatures encountered in 
engines fall far below the threshold temperature (~1200 K) for radiative emission in the 
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900 nm to 1000 nm range.   While its utility for low-temperature applications can be 
extended by using detectors with responses in the infrared spectrum, the data can also be 
compromised by spectral emissions from gaseous intermediates and products found in 
engine exhaust.  
 Laser-induced incandescence (LII) is a relatively new technique based on the 
emission of soot initiated through laser heating.  This process was first reported by 
Eckbreth (1977).  In this initial report, the incandescence from the laser-heated soot 
produced interference signals in the application of Coherent Anti-Stokes Raman (CARS) 
scattering experiment in flames.  At the time, the ‘interference’ from the LII on the 
CARS was not exploited to determine concentrations of soot in flames until subsequent 
independent analysis by Melton (1948) and Dasch (1984).  These investigations 
suggested that LII can be used to provide a transient and spatially-resolved measurement 
of soot concentrations.   
 Figure 1.12 displays a schematic of the experimental apparatus used for the 
analysis of soot concentration in a laminar diffusion flame (Jensen, 2003).  The central 
element of the LII technique is a high-energy, pulsed Nd:YAG laser that is used to heat 
the soot to a temperature in the range of 3500-5000 K (Eckbreth 1977; Melton 1984; 
Dasch, 1984).  The emission that results from the laser-heated particles far exceed the 
emission from the gaseous products in the flame and the emission from the soot particles 
prior to the laser heating.  In effect, the emission from the heated soot is significantly 
blue-shifted.  The measurement of the emission at a central wavelength at time delays of 
10’s of nanoseconds after the heat-up process is related to the following incandescence 
equation:    
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where C1 is a calibration constant, N is the number density of particles, P(a) is the 
probability density function for a particle of size a, and λdet is the detection wavelength.  
The incandescence, J is proportional to the soot particle diameter raised to the power 
(3+0.154/λdet) and thus is proportional to the volume fraction of soot.  However, 
determination of the soot volume fraction requires calibration using known values.  Zhou 
et al. (1998) demonstrated through the application of simultaneous gravimetric sampling 
and LII signal detection that the correspondence of the soot volume fraction to LII 
incandescence is maintained over a broad range of concentrations.  The bulky apparatus 
required for gravimetric sampling and the limitations of providing only steady-state 
results prevent the broad application of this type of calibration for LII signals.  In 1998, 
Choi and Jensen (1998) performed analysis of the calibration and self-correction of laser-
induced incandescence measurements with light extinction measurements.     
In the combustion, fire and heat transfer communities, light extinction is the most 
widely used optical diagnostics technique for soot concentration measurement.  Figure 
1.13 is a schematic of light extinction process.  Typically, a laser with wavelengths in the 
visible to near-infrared spectrum is used to produce extinction through the soot-
containing medium.  Measurement of the laser intensity is obtained through a light 
detector with a spectral filter to reduce interference from the emission from the flame at 
the spectrum of the laser.  Through the medium, the laser intensity will be absorbed, 
scattered, or transmitted with proportions in these three categories that are determined by 
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the optical property of the soot.  The ratio of transmitted (I, laser intensity reaching the 
detector) to the incident (Io, laser intensity prior to the interaction with the soot-
containing medium) intensities is used to obtain soot volume fraction by employing the 
Bouguer’s law: 
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where λ is the wavelength of the light source and L is the pathlength of the laser-intensity 
through the soot-containing medium.  With the knowledge of the wavelength of the laser 
and provided that Ke is a known (or measured) value, the measurement of I, Io, L will 
enable the calculation of the soot volume fraction, fv.    
 The Ke, dimensionless extinction constant of soot, can be calculated the refractive 
index of soot and employing the Rayleigh limit solution as shown in equation 1.8.   
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where nλ and kλ are real and imaginary part of refractive index.  The refractive index of a 
material is a measure of the reduction in the speed of light through the transmission 
within the material, and is composed of a real part and an imaginary component.  The 
most commonly used refractive index for soot was measured using reflectance 
experiments and the application electron dispersion theory for soot collected from 
propane flames (Dalzell and Sarofim, 1969).   
 24
The dimensionless extinction constant is also used in the calculation of soot 
volume fraction using experimental measurement of light extinction through soot-
containing medium.  The dimensionless extinction constant is also used for the 
calculation of the Planck mean absorption coefficient shown in equation 1.4 which is 
commonly used in radiative heat transfer calculations (Modest, 1993).   
 
2
83.3
C
TKfK evP =
    
(1.9) 
where KP is the Planck mean absorption coefficient, fv is soot volume fraction, Ke is 
dimensionless extinction constant, and C2 is Planck’s second constant.  The significant 
utility of the KP is recognized through the simplification afforded to the calculation of 
heat transfer where the integral of the spectral radiative emission can be replaced by 
KpσT4: 
 
∫∫
∫ ∞
∞
∞
==
0
4
0
0 λσ
π
λ
λ
λλ
λ
λλ
dKI
T
dI
dKI
K b
b
b
P   (1.10) 
where Ibλ and Kλ are the blackbody radiative intensity and absorption constant at  
wavelength, λ, T is the temperature, and σ is Stefan-Boltzmann constant. 
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1.5 Motivation of Study and Thesis Organization  
Comparisons of the calculated Ke using measured refractive indices demonstrated 
significant departures from measured Ke values using simultaneous gravimetric sampling 
and light extinction techniques (Choi et al., 2008).  For example, the calculated value of 
Ke using the Dalzell and Sarofim (1969) refractive index is 4.9 whereas values of Ke that 
are twice as high have been measured in premixed (Choi et al., 1994) and in diffusion 
flames (Zhu, 2002).  Therefore, fuel specific and condition-specific experiments are 
required to obtain accurate Ke values for soot produced under a wide range of conditions. 
 For practical fuels such as JP-8 and diesel, the examination and measurement of 
their optical properties are recent developments in the combustion, fire and heat transfer 
community (Zhu et al., 2004; Jensen et al., 2007).  Furthermore, extensions of the 
experiments to include variations of Ke with wavelength, pressure and fuel-dependence 
have not been performed for practical and alternative fuels.  In this study, the optical 
properties of diesel (Ultra Low Sulfur Content Diesel) and biodiesel (Soy Methyl Ester, 
B100) soot were measured using a modified simultaneous gravimetric sampling 
technique for a variety of conditions which meet an important need for accurate 
measurement using non-intrusive diagnostic techniques.    
 The GSLE technique and apparatus was significantly improved for this 
investigation to provide accurate values of Ke for both diesel and biodiesel soot.  The 
improvements included the design of a high pressure combustion chamber and a diffusion 
flame burner for high soot yield, analysis and experimental modifications to reduce the 
influence of soot settling, detailed calibration of the mass, soot sampling, and light 
extinction measurements to reduce uncertainties in the measurement of Ke.  These 
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descriptions are provided in Chapter 2.   
 Ambient pressure experiments were performed in the visible spectrum at 632.8 
nm and 1064 nm, which can enable use in light extinction measurements and in the 
calibration of two-wavelength pyrometry and laser-induced incandescence.   Additional 
analysis of the physical properties of the soot including the primary particle size, radius 
of gyration of the agglomerate and the number of primary particles per agglomerate were 
measured using SEM images of soot collected using thermophoretic sampling technique.  
The fractal dimension of the soot and the pre-factor term for the mass fractal growth 
model, which shed light on the agglomeration process, was also measured for the soot 
from diesel and biodiesel flame at 1 atm.  The physical and fractal dimensions of the soot 
particles were used to analyze the influence of scattering and beam shielding on the 
variation of Ke.  The nanostructure of the particles was examined using high resolution 
transmission electron microscopy and a custom software that was developed to analyze 
the fringe patterns, the tortuosity and the fringe lengths.  These properties have provided 
important assessment of the degree of graphitization of the soot for fuel dependence and 
differences in operating conditions.  These experiments and analysis are described in 
Chapter 3. 
 Experiments were also performed using a specially-designed pressure chamber to 
measure optical properties of diesel and biodiesel soot produced at a pressure of 5 atm for 
632.8 nm and 1064 nm.  This investigation enabled the analysis of the influence of 
pressure on Ke values which can lead to extension for conditions produced in practical 
combustors.  Similarly, the analysis of the physical, fractal and nanostructure properties 
of diesel and biodiesel soot were performed to determine the influence on the measured 
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values of Ke.  These experiments and analysis are described in Chapter 4. 
 This extensive investigation represents the first accurate measurements of the Ke 
for diesel and biodiesel soot in the visible and near-infrared wavelengths.  These Ke 
values can be used for accurate analysis of experimental measurements of light extinction 
for soot volume fraction, temperature and soot volume fraction measurements using two-
wavelength pyrometry and soot concentration and distribution using laser-induced 
incandescence methods.  The analysis of the influence of the fractal, physical and 
nanostructure of the soot provides important insights that can be used to assess 
application of the Ke results for conditions beyond the measurement conditions.    
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1.6 Figures 
 
 
(a)  
 
(b)  
 
 
Figure 1.1 Energy consumption by (a) sources and (b) energy flow (Hinrichs and 
Kleinbach, 2002; DoESA, 2001; DoE, 2006) 
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(a) 
(b) 
 
 
 
Figure 1.2 Energy consumption by (a) sectors and (b) types for fossil fuels (DoE, 
2006) 
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Figure 1.3 Characteristics of the distillation fuels (Faiz et al., 1996) 
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Figure 1.4 Trends in PM10 emissions from on-road and nonroad diesel engines 
from projections of emissions to 2007 and 2030 (EPA report, 2002) 
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Figure 1.5 Emission test results for diesel and biodiesel fuel using diesel engine   
(Durbin et al., 2000) 
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Figure 1.6 Scanning Electron Microscopy image of diesel soot for 48, 000x at 5 atm 
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Figure 1.7 Schematic of radius of gyration measurement of soot agglomerate 
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Figure 1.8 Different fractal aggregate structures produced by computer simulation 
algorithms (Stanley and Ostrowsky, 1986) 
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Figure 1.9 Schematic of exhaust emissions test procedures for light-duty vehicles 
(Faiz et al.,1995) 
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Figure 1.10 Schematic of remote sensing base on stationary detection unit (EPA, 
1995) 
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Figure 1.11 Schematic of the two wavelength experimental set-up (Choi et al., 1994) 
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Figure 1.12 Schematic of the soot concentration experimental set-up (Jensen, 2003) 
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Figure 1.13 Schematic of the light extinction technology by soot agglomerate 
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CHAPTER 2: Experimental Description 
2.1 Experimental Apparatus for Soot Light Extinction Constant Measurements 
In this work, the dimensionless light extinction constant of soot produced from a 
laminar diffusion burner fueled by diesel and biodiesel was measured using a portable 
Transmission Cell Reciprocal Nephelometer (TCRN).   Figure 2.1 displays a schematic 
of the TCRN and attendant experimental apparatus.  As shown in the figure, the 
experimental apparatus consists of mainly five different parts – (1) syringe-fueled burner 
and combustion chamber, (2) the transmission cell, (3) laser and optical detection system, 
(4) flow control system, and (5) gravimetric sampling system. 
Soot was produced from a small, laminar diffusion flame.  The burner was placed 
inside of a 20 liter stainless steel combustion chamber. The schematic of the combustion 
chamber is shown in Figure 2.2.  This chamber was designed for a maximum operating 
pressure of 15 atm. to investigate the influence of pressure on the measured Ke values for 
diesel and biodiesel soot.  The two optical quartz windows of 50 mm diameter and 15 mm 
thickness enabled visual observation of flame ignition and stability during the experiment. 
The burner has several advantages over the wick burner that was used previously 
for liquid fuels such as JP-8 (Andrea, 2002).  For example, the soot formed within the 
flame was deposited onto the carbonized wick, preventing the vaporization of the fuel 
(See Figures 2.3.a-b).  This can cause a significant reduction in the fuel vaporization rate, 
resulting in diminished flame height and soot formation as the experiment progressed.  
The near-constant production of soot, which produces constant opacity of the soot 
containing region for the light extinction experiment enabled through the syringe-fueled 
burner, is important for the comparison of the gravimetrically-determined soot volume 
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fraction to the light extinction-derived soot volume fraction, the premise of the 
simultaneous gravimetric sampling and light extinction technique for measurement of the 
dimensionless extinction constant.   
 The syringe-fueled burner system consists of a syringe pump (New Era Pump 
System, Model: NE-1500), a syringe (Sun Sri, Model: 00074533), a hypodermic needle, 
a burner throne, and an igniter as shown in Figure 2.4.  The syringe pump was connected 
to a stainless steel hypodermic needle (Small parts, Inc., Model: HTXX-20R-36, stainless 
steel 316) of 0.59 mm inner diameter and 0.90 mm outer diameter using oil proof 
connection tube (Cole-parmer Company, Model: 00163NF, 0.8 mm inner diameter).  The 
syringe pump provided constant fuel flow rates that can be varied from 0.01 ml/min to 0.5 
ml/min, depending on the requirements for soot yield for the light extinction 
measurements.  The fuel was supplied through a 30 cm length of flexible tubing between 
the syringe needle and inside burner tip.  The end of the burner tube tip was bent 15 mm 
above the burner throne (which is a stainless steel disc of 30 mm in diameter) shown in 
Figures 2.5 and Figure 2.6.a to prevent dripping of the fuel on the laminar diffusion flame 
during the initial phases after ignition.  For both the diesel and biodiesel experiments, the 
liquid fuel was ignited using a hot-wire ignition system comprised of a coiled Kanthal 
wire (Hyndman Ins., Model: American Wire Gauge #30) with a diameter of 0.254 mm 
and a resistance 26.6 Ω/m (@20 oC).  The top view of the schematic for the syringe, 
throne and the igniter can be seen in Figure 2.5.  The current used for the hot-wire igniter 
was supplied by a 15 amp, 13.8 VDC power supply (RadioShack, Model: 22-508) as 
shown in Figure 2.5 and Figure 2.6.b.  The duration of the ignition process was varied 
from 5 seconds to 20 seconds.  The electrical connection for the hot wire igniter was 
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inserted through a ceramic sleeve.  The ceramic tube was sealed using epoxy for the high 
pressure experiments.  For safety precaution, ignition was initiated at 1 atm. pressure 
condition for all of the experiments (1 atmosphere to high pressure experiments).     
For the high pressure experiments, compressed air was supplied to the chamber 
through an orifice located under the burner throne (See Figure 2.4 and Figure 2.6.a).  The 
compressed air was supplied at 10 l/min into the combustion chamber using a mass flow 
controller (Aalborg, Model: GFCS-010013) connected to the bottom plate of the chamber.  
Care was exercised in selecting the air flow rate that didn’t disturb the flame during the 
pressurization process.  While pressurizing, the chamber pressure and temperature were 
measured using a pressure transducer (Omega, PX209-015G5V) and a K type 
thermocouple (Omega, TC-J-NPT-G-72, See Figure 2.7).  These measurements were 
collected using a data acquisition board (Iotech, Personal Daq/55) for subsequent analysis.  
A pressure relief valve (Rego, model: PRV9434T) was mounted on the top cover of the 
combustion chamber to provide protection from over-pressure while the chamber was 
being pressurized with air (See Figure 2.7).  For the high pressure experiments, the soot 
collected from the outlet at the top of the combustion chamber (See Figure 2.7) was 
introduced to a dilution tunnel (McMaster-Carr, 17135K91 and 1799K65) through a cone 
shaped funnel and then diluted with air prior to introduction into the transmission cell.  
For the 1 atm pressure experiments, the soot collected at the outlet of the combustion 
chamber was introduced directly into the transmission cell. 
The transmission cell as shown in Figure 2.1 provides a path length for light 
extinction of ~ 1.1 m.  The interior of the transmission cell features wooden panels that 
were painted as a flat black surface to minimize scattering of stray light (See Figure 2.8).  
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The optical lenses (with anti-reflective coating) are attached to both the inlet and outlet 
tubes to prevent air from entering into the transmission cell and to minimize the reflection 
of the laser beam.  For light extinction measurements, two different types of stable lasers 
were used as the light source - a 50 mW helium–neon laser of wavelength 623.8 nm (JDS 
Uniphase Corp., Model: 1125/P) and a 55 mW diode laser of wavelength 1064 nm (B&W 
TEK. Inc., Model: BWR-50E/55870).  For both cases, the laser beam was directed 
through the transmission cell using mirrors and beam splitters to a silicon photodiode 
detector (Newport, Model: 818-SL) with an operating range of 400 nm to 1100 nm.  A 
circular, variable neutral density filter (Newport, Model: 50G00AV1) was attached in 
front of both lasers to prevent saturation of the detector while maximizing the incident 
intensity reaching the photodiode.  The voltage signals from the detector (which 
correspond to the laser intensity measurements as will be described in a later section) 
were monitored and recorded using a computer-based data acquisition system.   
The soot-containing gases from the combustion chamber were drawn into the 
transmission cell through the use of a vacuum pump (Gast Manufacturing Inc., Model: 
DOA-P704-AA).  A mass flow controller (Aalborg, Model: GFCS-011480 with an 
operating range up to 15 lpm) which was used to ensure constant gas flow rate during the 
experiments was required to overcome pressure differentials due to soot accumulation in 
the gravimetric sampling filter.  The soot-containing flow (that passed through the 
transmission cell) was directed through one of two stainless steel filter holders (Millipore, 
Model: XX4404700) that contained replaceable/disposable glass fiber filters.  The glass 
fiber filters were 50 mm in diameter and featured a pore size of 0.7 micrometer (Millipore, 
Model: AP4004700).  The efficiency of soot collection was determined by placing two 
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glass fiber filters into the stainless assembly to sample the soot for a period of 5 miutes.  
The individual measurements of the mass of the soot before and after indicated that while 
the soot collected on the first filter, the second filter displayed no soot deposition.  The 
two stainless filter holders were used to prevent damage to the mass flow controller 
during the bypass period of the transport of the soot-containing gas through the 
transmission cell.  The gas flow rate through the TCRN was measured at various times 
throughout the operation of the experiment using a Bubble flow meter (Gilibrator 
Instrument Corp., Model: Gillian Gilibrator 2 with high flow rate cell with a resolution of 
0.001 lpm.   
The procedure used for simultaneous gravimetric sampling and light extinction is 
described below.  Prior to the introduction of the soot-containing flow into the 
transmission cell, the incident intensity, Io (which corresponds to Vo), was monitored for 
approximately 60 seconds beginning at time denoted by A in Figure 2.9.  The intensity Io 
is constant during this period since the soot produced in the combustion chamber is 
bypassed through the 3 way valve directly to the exhaust (See location 1 on Figure 2.1).  
At time denoted by B, soot was introduced into the transmission cell and the measured 
laser intensity decreased due to the attenuation by the soot-containing flow eventually 
reaching a steady-state value of the laser transmittance (as denoted by a near-constant I/Io, 
where I is the transmitted intensity), which occurred at the time denoted by C.  During 
this monitoring period between B and C, soot was collected using the glass fiber filter 
assembly denoted as #1.  After attaining steady laser transmittance, the 2 way valve was 
switched from directing the flow to glass fiber assembly #1 to glass fiber assembly #2 for 
a period of 5 minutes.  During this period (between C and D), the soot mass was collected 
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and subsequently measured to determine the gravimetrically-determined soot volume 
fraction.  At the time denoted by D, the 2 way valve was reversed to direct the flow to 
glass fiber assembly #1 and the 3 way valve was directed to send the soot-containing gas 
to the exhaust, thereby introducing soot-free flow through the TCRN.  At this point, the 
transmittance began to increase (corresponding to decreasing attenuation) until at time 
denoted by E, when the laser intensity reached its previous value of the incident intensity 
(denoted by the measurements at A).  The incident intensity measurement was again 
performed after the soot in the transmission cell was purged using clean air (denoted by 
F).  The correspondence in the incident intensity values at time A (prior to introduction of 
soot into the TCRN) and at time F (after the introduction of soot and subsequent purge 
using clean air) indicates that deposition of soot on the optical components within the 
TCRN did not occur.   
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2.2 Measurement of the Dimensionless Light Extinction Constant 
The dimensionless extinction constants for diesel and biodiesel soot were 
measured by using the Gravimetric Sampling Light Extinction (GSLE) technique in 
which two different means of soot concentration measurements (i.e., gravimetric 
sampling and light extinction measurements) were combined.  The GSLE is based on the 
application of Bouguer’s Law: 
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where Ke is the dimensionless extinction constant, fv is the soot volume fraction based on 
light extinction, λ is the wavelength of the light source, and L is the path length for light 
attenuation.  With a known value of Ke, the soot volume fraction using the light 
extinction technique (through Bouguer’s law) can be calculated as:   
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The soot volume fraction based on gravimetric technique can be determined by 
measuring the mass of the soot, ms, collected on the gravimetric filter during the 
measurement period, the total volume of gas that passed through the chamber (volumetric 
flow rate, V,  multiplied by the duration of the sampling period, t) and the density of soot, 
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ρsoot.  The equation for the gravimetrically-determined soot volume fraction is provided 
below: 
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Since, the measurements of the soot volume fraction using gravimetric and light 
extinction techniques were performed in the same environment within the transmission 
cell for the same duration, equations 2.2 and 2.3 can be equated to calculate the only 
unknown in the equation, Ke: 
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and the value of Ke that provides correspondence between fv and fvg can be calculated: 
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The uncertainty in the measurement of Ke will depend on the individual uncertainties in 
the measurement of the volumetric flow rate, duration of sampling, density of soot, 
wavelength, transmittance measurements, pathlength of light extinction and the mass of 
soot.  Efforts to reduce the uncertainties and to ascertain the degree of remaining 
uncertainties in these measurements are described in the following section.  
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2.3 Uncertainty Analysis  
The uncertainty in the laser light source and detector performance which affects 
the value of I/Io in equation 2.5 was evaluated using the following approach.  In this study, 
the He-Ne laser (632.8 nm) was placed in front of the laser detector at a distance of 0.79 
m (same distance with TCRN path length) on an optics table as shown in Figure 2.10.  A 
variable neutral density (ND) filter was placed in front of the laser and adjusted to 
prevent saturation of the detector.  Then, fixed value neutral density filters of increasing 
opacity were placed in front the detector.  For each fixed neutral density filter, the laser 
intensity transmittance measurements (V/Vo) were obtained by the ratio of the incident 
intensity (Io) and the attenuation intensity (I).  The predicted attenuation ratio (I/Io) of the 
laser intensity was determined by using the following equation:         
 
ND
oI
I −= 10     (2.6) 
 
with calibration ND filters that ranged 0.1 to 1.0.  The predicted attenuation ratios (I/Io) 
are plotted as a function of the measured attenuation ratios (V/Vo, as defined by the ratio 
of the voltages that correspond to the incident to transmitted intensity measurements) in 
Figure 2.11.  The calculated laser intensity ratios (as illustrated by I/I0) varies linearly 
with the measured values of (V/V0) using equation 2.6 as the R2 values for the linear curve 
fit (0.9988) clearly demonstrate.   
The determination of the soot volume fraction using the gravimetric technique 
requires accurate measurements of the soot mass.  The microbalance used in this study is 
a Mettler Toledo Model XS105 with a resolution of 0.01 mg.  To determine the accuracy 
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of the microbalance for the expected range in soot mass measurements, its performance 
was calibrated using the standardized mass loads ranging from 1 mg to 20 mg as shown in 
Figure 2.12.  Figure 2.13 displays the microbalance measurements as a function of the 
standardized mass loads.  The calculated R2 values for the curve fit (0.9999) demonstrate 
linearity in the measurements and a high degree of accuracy for the range of expected 
soot mass measurements from 1 mg to 20 mg. 
 
 
Table 2.1 Summary of uncertainty analysis for light extinction measurements for 
diesel experiments at visible wavelength (632.8 nm) 
 
 
 
Nominal Values iw  
 
V (m3/min) 7.366 x 10-3 7.366 x 10-5 
 
T (min) 5.08 0.067 
 
ρsoot  (g/m3) 1.74 x 106 1.74 x 104 
 
λ (m) 632.8 x 10-7 0 
 
ln(I/Io) 0.94 0.0.025 
 
L(m) 0.792 0.003 
 
msoot (g) 0.00436 0.00005 
 
Ke 11.1 0.39 
 
 In the present study, the uncertainty in the measurement was calculated using the 
equation derived from (Taylor and Kyuatt, 1994):  
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where wf is the uncertainty of variable f and wi is the estimated uncertainty in variable i.  
Differentiating the equation for Ke (equation 2.5) with respect to the seven variables 
allows the expansion of equation 2.7 into: 
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Table 2.1 and Table 2.2 display the nominal values of the 7 variables and the 
estimated uncertainties for diesel soot at 632.8 nm and 1064 nm, respectively.  The 
calculated total uncertainty of Ke using equation 2.7 is 0.39 for diesel soot at 632.8 nm, 
whereas the calculated total uncertainty of Ke using equation 2.7 is 0.46 for diesel soot 
1064 nm.  The uncertainties for biodiesel soot at these conditions are similar to the values 
reported for diesel.  With the nominal value of Ke to be in the range of 11.1, the relative 
uncertainty in the measurement of Ke is approximately 3.4 % for at 632.8 nm and 3.8 % 
for 1064 nm.   
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Table 2.2 Summary of uncertainty analysis for light extinction measurements for 
diesel experiments at near-infrared wavelength (1064 nm) 
 
 
 
Nominal Values iw  
 
V (m3/min) 7.084 x 10-3 7.084 x 10-5 
 
T (min) 4.89 0.067 
 
ρsoot  (g/m3) 1.74 x 106 1.74 x 104 
 
λ (m) 1.064 x 10-6 0 
 
ln(I/Io) 0.704 0.0.025 
 
L(m) 0.792 0.003 
 
msoot (g) 0.00519 0.00005 
 
Ke 10.5 0.46 
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2.4  Influence of Soot Deposition in TCRN on the Measurement of Ke Values 
Another important factor that can influence the uncertainty in the measurement of 
Ke is the degree of deposition of soot within the TCRN.  The degree of deposition will 
create discrepancies between the soot volume fraction based on light extinction and 
gravimetric sampling techniques and will violate the condition that fv is equal to fvg, the 
premise for using the GSLE technique.  In previous experiments (Mulholland and Choi, 
1998; Zhu, 2002), they realized that soot was deposited inside TCRN.  In those works, 
they only measured the difference between inlet (position #1) and outlet (position #2) 
mass of soot as shown Figure 2.14 and Figure 2.15.  From Mulholland and Choi (1998) 
work, the measured deposited value (referred to as “deposition fraction”) of soot 
deposition inside of TCRN was 2 % (for ethene turbulent flame) – 3 % (for acetylene 
turbulent flame).  They assumed the “deposition fraction” of soot was uniform and that 
was 1.5 % for all cases.  In the present work, it was found that “deposition fraction” of 
soot inside TCRN was in fact not uniform and can be much more significant than the 
1.5 % - 3.0 % reported in earlier studies.   
In order to quantify the deposition fraction and to minimize the uncertainty in the 
Ke measurements, a calibration analysis was performed for the TCRN.  In this study, the 
measurements were performed for 8 uniformly separated sectors inside TCRN as shown 
in Figure 2.16.a with sector 1 located closest to the inlet of the TCRN.  The dimension of 
each sector was 0.0475 m by 0.141 m (with a surface area of 0.00670 m2).  Within the 
center of each of the sectors, Teflon filters (Gelman science, Model: 4073109 with 47 mm 
diameter supported membrane 0.45 μm thickness) were placed to collect the soot 
deposited during the experiments (See Figure 2.16.b).  The filters were weighed before 
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and after the experiment using the Mettler-Toledo microbalance to measure the deposited 
soot.     
For the diesel experiment, the mass of soot collected on the Teflon filters, mfilter-
soot,i during the sampling period of 10 minutes at the 8 different sectors are presented in 
Figure 2.17.  As the soot-containing gas is transported from the inlet to the outlet, in the 
direction of increasing sectors from 1 through 8, soot is deposited on the Teflon filter.  
The amount of soot that is deposited on the filters diminishes with distance from the inlet.  
This effect is expected due to the larger agglomerates that settle during the transport.  
Similar experiments were performed for biodiesel experiments as shown in Figure 2.18.  
The biodiesel experiments demonstrate significantly lower values of soot deposition.  In 
order to estimate the total amount of soot that is expected to deposit along the TCRN, the 
measurements of the soot mass on the filter, the surface area ratio of the sectors and the 
Teflon filter and the ratio of time of sampling for the soot collected on the Teflon filter to 
the sampling time for gravimetric soot volume fraction measurements were used: 
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where mfilter-soot,,i is the mass of soot collected on the filter at sector i, Afilter is the surface 
area of the Teflon filter, Asector is the surface area of the sector and msector,i is the calculated 
mass of soot at sector i.   
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Table 2.3 Measurements of the soot deposition on the sectors along the TCRN for 
diesel soot 
 
 
Sector msector,i (mg)
 
1 1.20 
 
2 0.27 
 
3 0.04 
 
4 0.04 
 
5 0 
 
6 0 
 
7 0 
 
8 0 
 
mtotal 1.51 
   
 Table 2.3 and Table 2.4 display the measurements of the deposited soot, msector,i 
along the sectors for diesel and biodiesel soot experiment, respectively.  The total mass of 
soot collected along the TCRN, mtotal, can be used to determine the “deposition fraction” 
and its influence on the measurement of Ke.  In this experiment, the mass of soot 
collected in the glass fiber filter in the stainless steel filter assembly was also measured 
for both experiments.  The measured total mass of diesel soot collected during this period 
using the glass fiber filter in the stainless steel filter attached to the TCRN is 4.24 mg.  
Therefore, the total mass of soot deposited along the TCRN can represent 36 %.  The 
deposition of soot along the TCRN will reduce the total soot mass that is collected in the 
gravimetric sampling filter (used to measure fvg) and thus violate the condition that fv 
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(using light-extinction) is equal to fvg.  This can lead to 36 % error in the calculation of 
the Ke based on the measurements used in equation 2.5.   
Table 2.4 displays the biodiesel soot measurements of the mass msector,i  measurements.  
For the biodiesel experiments, the amount of soot that is deposited along the sector is 
significantly less than diesel, which results in smaller uncertainties, but nevertheless must 
be analyzed to determine its influence on the measurement of the Ke values (See Figure 
2.18).  This factor may be due to smaller sizes of the agglomerates for biodiesel 
compared to diesel as will be discussed in a later section based upon morphology 
measurements.  The measured total mass of biodiesel soot collected during this period 
using the glass fiber filter in the stainless steel filter attached to the TCRN is 3.94 mg.  In 
this case, the total mass of soot deposited along the TCRN can represent 6 % for the 
biodiesel experiments, resulting in a 6 % error in the calculation of the Ke based on the 
measurements used in equation 2.5.   
The amount of soot deposition along the TCRN is dependent upon the degree of 
sooting (soot volume fraction of the soot-containing gas that is introduced into the 
TCRN) and the morphology of the soot agglomerate (increased size of the agglomerate 
will enhance the rate of settling along the TCRN).  As demonstrated through the soot 
deposition experiments using diesel, the uncertainty in the Ke measurements can be 
significant.   
In an effort to minimize the uncertainty in the Ke measurements due to the 
deposition effect, reduction in the pathlength of light extinction was evaluated.  
Observation of the soot deposition along the TCRN indicates a reduction in the total mass 
of deposited soot as a function of distance from the inlet.  Beyond sector #2, soot  
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Table 2.4 Measurements of the soot deposition on the sectors along the TCRN for 
biodiesel soot 
 
 
Sector msector,i (mg)
 
1 0.19 
 
2 0.04 
 
3 0 
 
4 0 
 
5 0 
 
6 0 
 
7 0 
 
8 0 
 
mtotal 0.23 
 
deposition, even for the highest sooting tendency cases of diesel fuel combustion, 
decreases to negligible values.  In order the maintain the condition that the soot volume 
fraction measured using gravimetric technique is equal to the soot volume fraction 
measured using light extinction method (in which the amount of soot deposition along the 
TCRN is minimized), a stainless steel tube of 10 mm inner diameter and a length of 0.34 
m was placed as a lightguide and to reduce the pathlength for laser light extinction (See 
photograph in Figure 2.19.a).  In this manner, the light extinction pathlength begins at a 
location that is beyond sector #2 for which soot deposition is minimal.  A baffle at the 
end of the tube (See photograph in Figure 2.19.b) was used to prevent drifting of the soot 
from the sectors prior to the end of the extension tube from entering the space for which 
light extinction measurements were performed.  The reduction of the pathlength for light 
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extinction to reduce the influence of soot deposition on the measurement of Ke needed to 
be balanced with requirement of having sufficient attenuation of the light extinction 
signal for accurate measurements.  The reduction of the pathlength using the extension 
tube served this purpose effectively as demonstrated through negligible deposition of soot 
along the TCRN beyond the tip of the extension tube.        
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2.5 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic of transmission cell, gravimetric sampling, and light extinction  
  apparatus pressure condition 
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Figure 2.2 Schematic of the high pressure combustion chamber 
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(a) New wick burner    (b) Used wick burner 
Figure 2.3 Photograph of wick burner (before and after use for biodiesel experiments) 
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Figure 2.4 Schematic of the burner, throne, syringe pump, cone shape funnel, and the 
hot wire ignition system (side view) 
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Figure 2.5 Schematic of the burner, burner throne, syringe pump, hot wire ignition, 
pressure sensor, thermal couple and data accusation system (top view) 
 64
 
(a) 
(b) 
 
 
Figure 2.6 Photograph of the (a) burner and burner throne and (b) ignition system 
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Figure 2.7 Photograph of the burner tip, pressure sensor, thermocouple, optic window, 
safety valve, and soot outlet 
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Figure 2.8 Detailed schematic of transmission cell reciprocal nephelometer (TCRN) 
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Figure 2.9 Laser transmittance through the TCRN cell using a 632.8 nm laser for 
diesel soot experiment at 1 atmosphere pressure 
 
 
 
 
 
 
 
 
 68
 
 
 
 
 
 
 
 
 
Figure 2.10 Photograph of the laser and detector calibration apparatus 
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Figure 2.11 Measurement of V/Vo voltage readings versus calculated I/Io values using 
fixed value neutral density filter 
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Figure 2.12 Photograph of the experimental apparatus for gravimetric soot 
measurement calibration 
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Figure 2.13 Measurement of mass of microbalance readings versus reference 
calibration weight 
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Figure 2.14 Schematic of GSLE apparatus (Mulholland and Choi, 1998) 
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Figure 2.15 Schematic of GSLE apparatus (Zhu, 2000) 
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(a) 
(b) 
 
 
 
Figure 2.16 Schematic (a) and photograph (b) of individual division sectors for 
 deposition analysis 
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Figure 2.17 Measured soot mass, msector, i as a function of division sectors for diesel 
soot experiments at 1 atm. 
 
 
 
 
 
 
 
 
 76
 
 
 
 
 
0
0.5
1
1.5
2
0 1 2 3 4 5 6 7 8
Biodiesel (1atm)
M
as
s 
of
 s
oo
t c
ol
le
ct
ed
, m
fil
te
r-s
oo
t (
m
g)
Sector
 
 
Figure 2.18 Measured soot mass, msector, i as a function of division sectors for biodiesel  
soot experiments at 1 atm. 
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(a) 
 
(b) 
 
 
 
Figure 2.19 Photograph of TCRN (a) without reduction tube (b) with reduction tube 
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CHAPTER 3: Dimensionless Extinction Constant of Diesel and Biodiesel Soot 
Sampled at Ambient Pressure for Visible and Infrared Wavelength 
 
3.1 Introduction 
 During the past 50 years, efforts to develop and utilize alternative energy sources 
such as solar, renewable, biomass, and nuclear power have been pursued in an effort to 
seek sources that are less prone to geo-political concerns.  However, a large portion of 
energy consumed throughout the world is still derived from combustion of hydrocarbon 
fuels such as oil, coal, and natural gas.  Liquid-based hydrocarbon fuels account for about 
40 % of the world’s energy consumption and remains the dominant energy source for the 
foreseeable future.  Liquid fuels are also predominantly used in the transportation sector 
in which nearly 50 % of transportation needs are met through combustion engines fuelled 
by liquid-based hydrocarbon fuel such as gasoline and diesel (DoE, 2007).  Recent 
analysis by Hallock et al. (2004) demonstrates that conventional oil production will peak 
around 2030 and then continually decrease.  Due to recent price surges of crude oil, non-
conventional sources of liquid fuels have been tapped.  These include oil derived from 
sand tar and oil shales (Hinrichs and Kleinbach, 2002).  These resources are estimated to 
be three times larger than the remaining conventional oil resources, but the recovery of 
oil from these sources is very costly due to the heating and extraction processes (DoE, 
2006) and thus can only serve the needs of the growing global economy when crude 
prices are high enough to warrant the additional costs.  Despite the environmental and 
health impacts and predicted depletion of resources, the hydrocarbon fuel economy 
continues to proliferate throughout the world.  There are many reasons for the continued 
dependence of hydrocarbon fuels for our energy needs.  For example, the infrastructural 
facilities that are required for oil/gas exploration, drilling and recovery, transport, and 
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storage have been developed at considerable expenditures throughout the world and that 
investment serves as an inertial resistance to change.   
 There are many compelling reasons to pursue alternative energy sources to 
replace our dependence on hydrocarbon fuels and to exploit the many attributes of 
alternative sources in mitigating the environmental hazards of hydrocarbon combustion.  
Biofuels derived from biomass sources such as ethanol and biodiesel are promising 
alternative energy sources for the transportation sector since they are competitive in price 
with liquid hydrocarbon fuels (Demirbas, 2007) and are renewable.  These biofuels also 
have an advantage that they can be easily distributed using the current infrastructures for 
transportation and storage of fuels without additional investments (Agrawal, 2006).  
Furthermore, engine technologies have evolved that enable facile conversion from use 
with pure gasoline or diesel to various blends involving ethanol/gasoline and 
biodiesel/diesel.  To be a viable alternative fuel, biofuels must also demonstrate 
environmental benefits over traditional hydrocarbon fuels.  For example, carbon dioxide 
(CO2) emitted from combustion of biomass is re-consumed by new plant growth through 
photosynthesis process, resulting in a smaller net emission of CO2.   Also, biofuels are 
known to be biodegradable and non-toxic, thereby being less harmful to the environment.  
 Combustion processes involving hydrocarbon fuels have also been recognized as 
one of major sources of small (2.5 μm – 10 μm) carbonaceous particles that have 
tremendous impacts to environmental and health considerations.  Carbonaceous particles 
(such as soot and smoke) emitted to environment are transported great distances through 
the prevailing air currents.  During the transport, the particles absorbs solar radiation and 
radiation from earth, then re-radiates back to the earth, contributing to the overall global 
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warming (Jacobson, 2001).  Also, numerous epidemiological studies have reported that 
long-term exposures to combustion-related carbonaceous particulates can cause a host of 
severe health ailments such as heart attacks, strokes, cardiovascular diseases (Peters et al., 
2001), and lung cancer (Pope et al., 2002). 
 It is well known that the burning of gasoline and diesel in practical combustors or 
engines produces a significant amount of particulates.  Therefore, reduction of particulate 
emissions has become a major focus in the combustion community due to the restrictive 
air pollution regulations imposed by various environmental agencies (EPA. 2002).  From 
this standpoint, developing renewable resources such as biomass energy and hydrogen 
energy that are known to reduce particulate emissions have been emphasized in more 
recent years.  In this regard as well, biomass energy sources such as ethanol and biodiesel 
have emerged as viable alternatives for use in the transportation sector (Demirbas, 2005; 
Graboski and McCormick, 1998).  For the purpose of illustration and comparison to 
diesel, the characteristics of biodiesel are provided.  Biodiesel is an ester-based 
compound that can be readily formed from animal fat and vegetable oil.  The primary 
differences between the biodiesel from animal fat (i.e., tallow) and vegetable oil (i.e., 
soybean) are viscosity, flash point and cetane number and other physical properties which 
are briefly discuss in Chapter 1 (Goodram and Geller, 2005; Alcantara et al., 2000; 
Demirbas, 2005).  The attractiveness of biodiesel as a transportation fuel is that it can be 
used in blends from B20 (20 % biodiesel and 80 % diesel) to pure biodiesel, B100 in 
diesel engines without significant loss in performance and without modifications to the 
operation of the engines (Antolin, et al., 2005; Turrio-Baldassarri, 2004).  First and 
foremost, biodiesel is a renewable resource that can decrease our dependence on foreign 
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fossil fuel sources.  Second, it has been shown that biodiesel produces significantly lower 
levels of particulate matter (PM), unburned hydrocarbons (UHC) and carbon monoxide 
(CO) (Agarwal, 2007; Turrio-Baldassarri et al., 2004).   
Although, biodiesel provides many positive attributes, there is a great deal of 
engineering analysis that needs to be pursued.  For example, the characteristics of the 
biodiesel soot, in terms of its optical properties, physical and fractal characteristics and 
nanostructure are lacking.  This prevents accurate determination of concentrations for the 
formed soot particulates using non-intrusive techniques such as light extinction, light 
scattering, and laser-induced incandescence.  Furthermore, the ability to accurately 
evaluate the potential for oxidation or filtration of the biodiesel soot for emission 
mitigation is not possible without accurate optical property measurements.  Previously, 
Choi et al. (1995) developed simultaneous gravimetric sampling and light extinction 
technique (GSLE) to directly measure the dimensionless extinction constant, Ke, of soot 
without relying on the use of refractive index – for which there is significant variation in 
the values that are reported in the literature.  Since, then the GSLE technique has been 
applied to ethene and acetylene soot from laminar and turbulent diffusion flames (Zhu et 
al., 2000; Zhu et al., 2002) and pool fires burning JP-8 (Jensen et al., 2007) to accurately 
determine the soot optical properties.  These measurements indicated that the Ke values 
are dependent on the fuel type and the wavelength of measurements.  However, these 
experiments did not include biodiesel analysis nor the extension of investigation of diesel 
soot optical property analysis into the near-infrared spectrum.  Noting the potential for 
fuel-dependence and spectrum-dependence for Ke, the motivation for this work was to 
measure the optical properties of diesel and biodiesel soot at wavelengths of 632.8 nm 
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(visible spectrum) and 1064 nm (near-infrared spectrum). 
 
 83
3.2 Calculation of the Dimensionless Extinction Constant 
 The dimensionless extinction constant of soot can be calculated using refractive 
indices in the Rayleigh-limit solution of the Mie analysis: 
 
( ) 22222 4236 λλλλ λλ
π
knkn
knKe ⋅⋅++−
⋅⋅⋅=       (3.1) 
where nλ and kλ are real and imaginary part of refractive index, respectively.  A survey of 
the literature of soot optical properties indicates significant variation in the refractive 
index that is dependent upon fuel type, operating conditions of the flame and wavelength 
(Bond and Bergstrom, 2006).  In a seminal study, Dalzell and Sarofim (1969) measured 
the refractive index of soot collected on a cooled brass plate held in laminar diffusion 
flames burning acetylene and propane.  In these experiments, reflectance measurements 
were performed for the collected and compacted soot in the wavelength range from 0.4 to 
10 μm at room temperature conditions.  Their analysis included the Drude-Lorentz model 
of electromagnetic radiation in which the electrons are treated as oscillators that produce 
radiation.   In this approach, 3 of 4 valence electrons of carbon form covalent σ bonds 
and the 4th electron forms a π bond.  The energy spacing of the π bond produce radiative 
absorption and emission in the visible to near-infrared spectrums as opposed to the σ 
bond which only features energy spacing in the far-ultraviolet spectrum.  Dalzell and 
Sarofim (1969) used the Drude-Lorentz dispersion equation: 
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where the complex refractive index is m = n - ik, e is the electron charge, m is the electron 
mass in vacuum, ε is the permissivity constant, ni and nf are the bound and free electron 
number density respectively, ωbi is the natural frequency of bound electrons and ω is the 
frequency of radiation, and gbi and gf are the damping constants of bound and free 
electrons.  The solution to the above equations 3.2 and 3.3 with the reflectance 
measurements performed a range of wavelength was used to produce spectral dependence 
of the refractive index.  In the visible spectrum, the value of the refractive index was 
equal to m = 1.56 – 0.57i with a resultant Ke of 4.9.  Similarly, Lee and Tien (1981) and 
Habib and Vervisch (1988) applied similar Drude-Lorentz equations with more rigorous 
derivations of the dispersion constants.  In the Lee and Tien (1981) analysis, in-situ 
transmission measurements for diffusion flames burning Plexiglas and polystyrene 
spheres were modeled and the resulting refractive index was m = 1.95 – 0.48i with a 
resultant Ke of 3.1.  In the Habib and Vervisch (1988) analysis, in-situ transmission 
measurements for various premixed flames for wavelengths from 0.4 to 5 μm were used 
and the resulting refractive index was m = 1.3 - 0.3i with a resultant Ke of 3.2.  In 1990, 
Chang and Charalampopoulos (1990) performed light scattering measurement for 
propane soot and used a different model that employed Kramers-Kronig relationship.  
The Kramers-Kronig formulation is a mathematical derivation that is used to relate the 
real and imaginary parts of a response function based on the causality (input) and 
response (output) of a physical system.  Through their analysis, Chang and 
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Charalampopoulos (1990) reported values of the refractive index of m = 1.77 – 0.63i with 
a resultant Ke of 4.6. 
 In addition to the previous analysis described above, numerous investigations 
been performed to calculate the refractive index of soot.  Table 3.1 provides a detailed list 
of the refractive indices reported in the literature (Bond and Bergstrom, 2006).  The Ke 
values were calculated using equation 3.1.  
 
Table 3.1 Summary of refractive indexes and calculated Ke values 
 
 
Investigation 
 
Refractive 
Index Ke Type of Soot 
 
Batten, 1985 1.27 – 0.16i 1.8 Kerosene 
 
Chang and Charalampopoulos, 1990 1.77 – 0.63i 4.6 Propane 
 
Dalzell and Sarofim, 1969 1.57 – 0.56i 4.9 Propane 
 
Habib and Vervisch, 1988 1.3 – 0.3i 3.2 Ethene and Propane 
 
Lee and Tien, 1981 1.95 – 0.48i 3.1 Polystyrene and Plexiglas 
 
Marley et al., 2001 1.87 – 0.56i 3.8 Candle Wax 
 
Marley et al., 2001 1.68 – 0.56i 4.5 Diesel Soot 
 
Stagg and Charalampopoulos, 1993 1.52 – 0.36i 3.3 Propane 
 
Wu et al., 1997 1.58 – 0.51i 4.4 Ethene 
  
As demonstrated in the above table, there is significant variation in both the real and 
imaginary parts of the refractive indices reported in the literature.  Attendantly, the Ke 
values ranged from a low of 1.8 for Kerosene soot to a high of 4.9 for Propane soot.  
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There are several potential reasons for the wide range of refractive index and attendant Ke 
values that include: 
• differences in the fuel type that influence the C/H ratio 
• differences in the measurement techniques, including reflectance, transmittance, 
and scattering 
• differences in the dispersion model constants in the Drude-Lorentz theory. 
• differences in the theoretical descriptions (Drude-Lorentz and Kramers-Kronig)  
The important revelation from the examination of the literature on refractive index of 
soot is that significant differences in the Ke values exist and therefore, without the 
availability of reliable theoretical or empirical relationships between Ke and the 
parameters, actual measurements of Ke will be required for soot produced under 
conditions that fall beyond the existing measurements.  Therefore, the utility of direct 
measurement of Ke values has gained more prominence in the combustion and fire 
community. 
In 1995, Choi and coworkers (1995) developed the simultaneous gravimetric 
sampling and light extinction technique to measure the dimensionless extinction constant 
of soot produced from the post-flame region of an acetylene/air premixed flame.  The Ke 
values from that investigation, 8.5, far exceed the calculated values using the refractive 
indices in Table 3.1.  Subsequent GLSE experiments (Mulholland and Choi, 1998; 
Krishnan et al., 2000; Zhu; 2002) have confirmed the large discrepancy between 
calculated (using refractive indices and equation 3.1) and measured values using GLSE 
techniques.   
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3.3 Measured dimensionless Light Extinction Constants for Diesel and Biodiesel 
 Soot at 632.8 nm  
 The simultaneous gravimetric sampling and light extinction measurements were 
performed for diesel soot and biodiesel soot at 632.8 nm and at 1 atm.  Figure 3.1 
displays the laser intensity variation as a function of time for this experiment in which the 
average of ln(I/Io) was calculated.  It is important to note that the average of the ln(I/Io) 
instead of the average of (I/Io) was used since the former value is proportional to the mass 
of soot as shown in the gravimetric equation from Chapter 1.  Figure 3.2 displays the 
mass of the collected diesel soot on the filter assembly plotted versus the corresponding 
simultaneous measurement of the average of ln(I/Io) values.  The dilution used in the 
TCRN and the sampling rate of the soot through the TCRN was varied to produce a wide 
range of sooting conditions from 2 to 6 mg of soot and ln(I/Io) values from 0.4 (optically-
thin) to 1.3 (optically-thick) conditions.  The linearity in the measurement indicates the 
correspondence between the mass of soot and the ln(I/Io) value which provides the 
foundation for the GSLE technique.   
 By utilizing the measurements of the average value of ln(I/Io), the mass of soot, 
the volumetric flow rate, and the pathlength, the Ke values were calculated using equation 
2.5.  Through this approach, the measured Ke values for diesel soot at 632.8 nm and at 1 
atm. is 11.1 ± 0.5.  This value is significantly higher than the value of 4.5 calculated 
using the refractive index of 1.68 – 0.56i from the investigation by Marley et al. (2001) 
for diesel soot.  Comparisons of the measurements in the present study with previous 
measurements of Ke are provided in Table 3.2. 
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Table 3.2 Measured values of Ke for diesel soot at different wavelength and   
  conditions 
 
 
Investigation Ke Wavelength (nm) Flame conditions Type of soot 
Bruce et al., 1989 
5.9 
 
480 
Laminar wick 
flame 
Diesel 
6.6 
 
1060 Diesel 
Patterson et al., 1991 
8.2 
 
488 
Small scale fires 
Diesel Fuel #2 
8.3 
 
633 Diesel Fuel #2 
Patterson et al., 1991 
9.6 
 
488 
Small scale fires 
Diesel Fuel #5 
10.5 
 
633 Diesel Fuel #5 
 
 In the experiments by Patterson et al., #2 diesel fuel and #5 diesel fuel were 
burned in a small, turbulent fire.  Soot produced from the fire was sampled using multiple 
gravimetric filters that were changed during the experiment that involved both the 
smoldering and flaming phases of burning.  The details (type of filter, sampling time and 
rate of sampling) of the soot mass measurement technique were not provided.  The 
attenuation from the soot sample along scattering measurements was performed at 488 
nm (using an Ar-ion laser) and a 633 nm (using a He-Ne laser).  The average of the 
attenuation values was compared to the average of the soot mass concentration to 
determine the value of the mass specific extinction constant, σe.  The relationship 
between σe and Ke can be expressed as: 
 
eeK ρλσ=     (3.4) 
which provides Ke values of 8.2 at 488 nm and 8.3 at 633 nm for the #2 diesel fuel and 
9.6 at 488 nm and 10.5 at 633 nm for the #5 diesel fuel. 
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In the experiments by Bruce et al., diesel fuel was burned using a small wick 
supported-flame and the specific extinction constant was measured at 488 nm and at 1060 
nm.   In this study, the soot particles generated from the flame was introduced into a 
plenum through which soot was sampled for measurement using a photoacoustic 
technique and attenuation was measured using light attenuation.  The corresponding 
value of Ke for 480 nm and 1060 nm were 5.9 and 6.6, respectively.  In this technique, the 
photoacoustic mass measurement system was calibrated using gaseous mixture of 
nitrogen dioxide and dry air.  Interestingly, the plenum and the measurement system for 
the light extinction and the soot mass sampling for the 488 nm and 1060 nm experiments 
were different. 
 The factors that can cause the differences in the measured Ke values for the 
present investigation compared to previous works (Bruce et al., 1989; Patterson et al., 
1991) include fuel-type, experimental measurement techniques, operating conditions, 
uncertainty in measurements, etc.  For example, the type of fuel used in the study by 
Bruce et al. (1989) is only referred to as ‘diesel’ fuel with no other description and thus 
direct comparison with the ultra low sulphur diesel used in the present investigation 
cannot be established.  Furthermore, in the work of Patterson and co-workers demonstrate 
significant variations in Ke using the same experimental operating procedure and 
apparatus for two different types of diesel fuel (#2 versus #5).  The examination for the 
equation used to calculate Ke values,  
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indicates that lower values can be obtained if the measurement of the attenuation signal is 
not proportional to the mass of collected soot.  This can occur if either the ln(I/Io) signal 
is lower than expected based on calibration factors or if the pathlength of light is larger 
than measured (which can occur if there are pockets of non soot-containing regions 
between the laser and the detector).  In the present investigation, the average of the 
attenuation signals varied linearly with the mass of soot that indicates the applicability of 
the gravimetric sampling technique for the measurement of Ke.   
 Another difference between the present experiments and those of Bruce et al. 
(1989) and Patterson et al. (1991) is related to the uniformity of the soot-containing 
region and the attendant need for isokinetic sampling.  In the experiments by Patterson et 
al. (1989), soot was produced using a turbulent diffusion flame which can produce 
significant variation in spatial distribution of soot in the measurement volume.  In the 
experiments of the Bruce et al. (1991), a stirring or circulating mechanism was used to 
uniformly distribute the soot, although measurements were not performed to confirm that 
uniform distributions were established.  The influence of the non-uniformity of the soot 
containing region was attributed to lower values of Ke measurements (Zhu, 2002).  For 
example, in 1997, Wu et al. (1997) measured an average value of Ke equal to 5.1 for 
overfire soot from turbulent diffusion flames burning acetylene, propylene, propane and 
ethene.  In a study by Zhou et al. (1998), the influence of the non-uniformity of the soot 
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concentration was calculated to produce a 20 % error in Ke which can reconcile the 
measurements of Bruce et al. (1989), Patterson et al. (1991) and the present investigation.  
Although, the factors and their relative contribution to the differences in the 
measurements of Ke cannot be ascertained due to incomplete descriptions in the previous 
studies, it is important to note that there is a high degree of confidence in the present 
measurements due to the careful planning of the experimental procedure to minimize the 
errors and in the analysis that defines the uncertainty at less than 5 %.    
 Figure 3.3 displays the mass of collected soot versus the average of the ln(I/Io) for 
biodiesel.  The experiments were performed at 1 atm. using the 632.8 nm laser.  The 
range in the mass of soot ranged from 1 mg to 5 mg with attendant attenuation that ranged 
from ln(I/Io) of 0.2 to 1.2.  The value of Ke for biodiesel is 11.8 ± 0.5.  These values are 
very close to the values measured for diesel soot at 1 atm.  However, recognizing that this 
investigation represents the first measurements of biodiesel soot dimensionless extinction 
constant, direct comparisons with previous studies are not available.   
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3.4 Measured Dimensionless Light Extinction Constants for Diesel and Biodiesel 
 Soot at 1064 nm 
 
 The importance of the optical properties with different wavelength has been 
discussed in previous chapters.  For example, the measurements of soot temperature and 
soot concentration using Two Wavelength Pyrometry (TWP) require accurate values of 
optical property of soot in the visible and near-infrared wavelengths.  As part of this 
study, dimensionless extinction constant measurements were performed for diesel and 
biodiesel soot at 1064 nm. 
 Figure 3.4 displays the measured intensity of the 1064 nm laser as a function of 
time obtained for the diesel soot experiments.  As illustrated in this figure, the attenuation 
of the laser intensity is significantly lower than the corresponding values measured for 
632.8 nm.  As shown in the equation for Bouguer’s law, the inverse relationship with 
respect to the wavelength of light in the exponential term causes the reduction.  The 
utility of this fact is that it can extend the optical thickness regime for which 
measurements can be performed for light extinction.  For example, high levels of sooting 
that will render conditions to be too optically-thick at 632.8 nm can still be analyzed at 
1064 nm due to the lower attenuation at the higher wavelengths. 
 The measured value of Ke is 10.5 ± 0.3 for diesel soot and 9.4 ± 0.3 for biodiesel 
soot at 1064 nm, respectively.  As displayed in Figure 3.5, the measured Ke values for 
both diesel and biodiesel soot decrease as the wavelength increases.  The Ke value for 
diesel soot is reduced by 5 % whereas the Ke value for biodiesel soot is reduced by 20 %.   
 The reduction in the Ke values between diesel and biodiesel soot may be attributed 
to several different factors including the effect of soot density, differences in 
nanostructure - attendantly on the refractive index, the influence of scattering (Choi et al., 
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1995; Jensen et al., 2007; Zhu et al., 2002; Zhu et al., 2000), and the differences in beam 
shielding effects (Zhu et al., 2002; Zhu et al., 2000; Mulholland and Mountain, 1999; 
William et al., 2007).  The influence of these characteristics on the measured Ke values 
will be explained in greater detail in the following sections. 
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3.5 Measurement of the Soot Morphological Properties  
Knowledge of soot morphology and nanostructure allows for useful interpretation 
of the soot formation, growth, and agglomeration.  The understanding of these parameters 
has been facilitated with the development of thermophoretical sampling technique and 
transmission electron microscopy (TEM) or scanning electron microscopy (SEM) 
imaging techniques (Dobbins and Megaridis, 1987).  In this study, soot morphological 
properties of interest such as the dimension area of primary particles and aggregates were 
determined using SEM images while soot nanostructure properties such as carbon lamella 
length and curvatures were analyzed using HRTEM images.    
Among those factors mentioned previously, the beam shielding and scattering 
behaviors are influenced by soot morphological properties (Mulholland and Mountain, 
1999; Zhu, et al., 2008; Zhu, 2002; Zhu et al., 2004).  Beam shielding effect is caused by 
attendant light attenuation by particles on the front side of the agglomerate, thereby 
reducing the intensity reaching the particles on the rear side of the agglomerate 
(Mulholland and Mountain, 1999; Zhu et al., 2000; Zhu, 2002).  Therefore, the beam 
shielding effects are closely associated with the dimension of the soot primary particles 
and agglomerates.  The scattering behavior is also strongly dependent upon soot 
morphological properties including dp, Rg and fractal dimensions.  Therefore, 
measurements of these parameters are required to evaluate the influences of beam 
shielding and scattering on the measured differences in the Ke values for diesel and 
biodiesel soot. 
In an effort to measure the soot morphological properties, soot particles were 
collected in the transmission cell using a thermophorectic sampling technique (Dobbins 
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and Megaridis, 1987; Samson, 1987) and imaged using scanning electron microscopy.  
The samples of soot agglomerates for the physical and fractal property measurements 
were collected inside of the TCRN.  The location of sample inside TCRN is shown in 
Figure 3.6.  Soot agglomerates were collected using electron microscopy copper grids 
with carbon substrate (Ted pella Inc., model: 01820) for the low resolution SEM images 
(12,000x and 48,000x).  The soot agglomerate sampling exposure time (5 minutes) was 
determined after three different exposure times (1 minute, 2.5 minutes, and 5 minutes) 
were evaluated.  The low resolution images of Scanning electron microscope (SEM) were 
performed using a Zeiss Supra 50VP Scanning Electron Microscope.  Prior to obtaining 
the SEM images of the soot agglomerates, special calibration experiments was performed 
using a NIST calibration test specimen at the same magnifications.  The measurement of 
primary particle was performed using image processing program (Matrox Inspector 8.0 ® 
macro script).   
 Figures 3.7.a-b and 3.8.a-b display the SEM images of typical diesel and 
biodiesel soot particles, respectively, obtained for the 1 atm. conditions at a magnification 
of 48,000x.  This magnification, which provides typically one agglomerate per image, 
was selected specifically for the primary particle size measurements to increase the 
resolution of the image processing analysis.  As shown in the figures, the agglomerates 
for both diesel and biodiesel soot consist of individual spherical particles (which are also 
referred to as the primary particle in this study) that are connected in a chain-like, wispy 
structure that is defined by low values of fractal dimension.  The primary particles that 
were analyzed were selected with the placement of the screen cursor based upon the 
generation of random numbers.  The processing of the image included both low-pass 
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filtering and the use of binary allocation of intensity based on a chosen threshold value.  
This allowed for enhanced demarcation between the background and the primary particle.  
The user then selected the top, bottom, left and right boundaries of the primary particle.  
This process was repeated with the generation of a new random number that placed the 
cursor at a different primary particle.  The analysis of the same primary particle is not 
repeated for the database of analyzed particles was retained during the analysis.    
Soot morphological properties were determined based on SEM images including 
the calculation of primary particle diameter (dp), radius of gyration in agglomerate (Rg), 
fractal dimension (Df), fractal prefactor term (kf), and number of primary particles (Np).  
The primary particle diameter was established from the average value of 170 soot 
primary particles obtained from each fuel.  Figure 3.9 displays the running average of the 
dp measurements for diesel soot at 1 atm. as a function of the number of analyzed 
samples.  It is shown that beyond approximately 120 analyzed samples, the average of the 
dp reaches a constant value, signifying that a sufficient number of samples were included 
in the analysis.  Figure 3.10 displays the running average of the dp for the biodiesel soot 
at 1 atm.  Similar results regarding the number of samples required to determine the 
average values were also found to hold for the biodiesel results as well.  
Figures 3.11.a-b display the histogram distributions of the measured average dp 
for diesel and biodiesel soot collected at 1 atm., respectively.  The average dp for diesel 
soot is 42 nm whereas that for biodiesel soot is 34 nm.   It is well known that the dp is 
strongly dependent on the fuel types and soot generating conditions (Zhu et al., 2002; 
Koylu and Faeth, 1992; Koylu and Faeth, 1994; Krishnan et al., 2000; Williams et al., 
2007; Jensen et al., 2007).  For example, Zhu and co-authors (2000) measured the size of 
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primary particle for the ethene and acetylene soot from laminar diffusion flame.  In that 
study, the measured sizes of primary particle for the ethene and acetylene soot were 37 
nm and 51 nm, respectively.  The only existing measurements of the primary particle 
sizes measured for diesel soot at 1 atm. condition are from the experiments from Bruce et 
al. (1989).  In that study, the soot collected from diesel wick flames and analyzed using 
SEM analysis produced primary sizes that ranged from 30 nm to 70 nm.    
Figures 3.12.a-b and 3.13.a-b display the SEM images obtained at a magnification 
of 12,000x for diesel and biodiesel soot, respectively.  The lower magnification 
(compared to the magnification used in the primary particle size study) enabled the 
capture of several agglomerates in a single image.  Multiple images were obtained for 
each condition to analyze approximately 120 agglomerates for each condition.   
Soot agglomerates are found to rapidly increase in size with the number of 
primary particles in agglomerate (Np) (Zhu et al., 2000; Koylu and Faeth, 1992; Koylu 
and Faeth, 1995; Haynes and Wagner, 1981).   Numerous studies have shown that flame-
generated soot agglomerates exhibit the mass fractal-like behavior (Megaridis and 
Dobbins, 1990; Koylu et al., 1995; Koylu and Faeth, 1994; Mountain and Mulholland, 
1988; Friedlander, 2000) and Rg (which typically ranges from 150 nm to 400 nm, Jensen 
et al., 2007; Zhu et al., 2000; Zhu et al., 2002) with dimensions that are large compared to 
dp.  From digitized SEM images of soot agglomerate, Rg was determined using a custom 
image processing algorithm by following the equation:    
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where ri is the distance between the center of an individual primary particle and the 
agglomerate centroid.  Since it is difficult to define each primary particle comprising the 
agglomerate in the SEM images, ri was replaced with the distance between each pixel 
comprising the agglomerate and the centroid of the agglomerate.  The number of primary 
particles (Np) in equation 3.6 is also substituted with the total number of pixels (Npix) 
comprising the soot agglomerate. 
 The measurement of radius of gyration (Rg) was also performed using an image 
processing technique that involved the following processes:   
(1) TIFF file (SEM image) was partitioned to isolate single agglomerates  
(2) TIFF file was converted to 8-bit binary image and saved as a TIFF file  
(3) TIFF file was converted to IMG image by using FORTRAN program  
(4) A scale image was captured from which the scale factor was calculated.  The 
length of scale bar was measured in pixel intensity and divided by the known 
length in nm on the scale bar (reference length).    
(5) Rg was measured using an image processing algorithm using IMG image.   
(6) Rg was then determined using a custom image processing algorithm through the 
formulation of equation 3.6.   
The radius of gyration was determined from the average value of 120 
agglomerates obtained for each fuel.  Soot agglomerates at the different locations on the 
SEM grid were then carefully selected to obtain a statistically meaningful number of 
agglomerates.  This prevents the Rg measurements from being biased towards the smaller 
agglomerates.  Figure 3.14 displays the running average of the Rg measurements for 
diesel soot at 1 atm. as a function of the number of analyzed samples.  It is shown that 
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beyond approximately 80 analyzed samples, the average of the Rg reaches a constant 
value, signifying that a sufficient number of samples were included in the analysis.  
Similarly, Figure 3.15 displays the running average of the Rg for the biodiesel soot at 1 
atm. which illustrate that the number of analyzed samples were sufficient to produce 
meaningful averages.   
Figures 3.16.a-b display the histogram distributions of the measured Rg for diesel 
and biodiesel soot at 1 atm.  SEM images obtained at a lower magnification (12,000x, 
which provide a large field of view) were used to measure the Rg.  As shown in the 
figures, measured agglomerate size distributions are quite broad compared to primary 
particle size distributions.  The measurements reveal that the average Rg for diesel soot is 
311 nm and 264 nm for biodiesel soot, respectively. 
Fractal dimensions can be measured using light scattering methods (Koylu and 
Faeth et al., 1992; Koylu et al., 1995; Zhu et al., 2002; Jensen et al., 2007) or through 
image processing of TEM or SEM images (commonly refers to as thermophoretic 
sampling methods).  Typically, the values of fractal dimension range between 1.5 to 1.8 
and is dependent on fuel type, residence time and flame conditions (premixed, diffusion, 
laminar, turbulent).  Table 3.3 provides the value of fractal dimensions measured for 
different fuels and operating flame conditions.   
Based upon the measured dp and Rg, the fractal dimension, Df and the mass fractal 
prefactor term, kf can be determined from the following relationship (Jullien and Botet, 
1987; Botet and Jullien, 1988): 
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Table 3.3 Summary of previous fractal dimension of soot for different fuel and  
   different flame conditions 
 
 
Investigation  Df Flame conditions Type of soot 
Koylu and Faeth, 1992
 
1.79 Turbulent Acetylene 
 
1.75 Turbulent Ethylene 
 
1.73 Turbulent Propane 
Zhu et. al., 2002
 
1.61 Laminar Ethene 
 
1.69 Laminar acetylene 
Jensen et. al., 2007
 
1.7 Pool fire JP-8 (1 m) 
 
1.6 Pool fire JP-8 (2 m) 
 
1.7 Pool fire JP-8 (over fire) 
 
In equation 3.7, the number of primary particles in agglomerates can be determined as 
(Sorensen et al., 1992):  
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where Aa and Ap is the projected area of the agglomerate and primary particle, 
respectively.  The average number of primary particles composing the agglomerates was 
calculated from the measurement of the projected area of the agglomerates, the projected 
area of the primary particle (based upon the average dp values).  The calculated Np values 
were 515 for biodiesel soot and 431 for the diesel soot.     
 The values of kf and the Df  can be then obtained by plotting the natural logarithm 
of (Rg/dp) versus the natural logarithm of Np (Jensen et al., 2007; Williams et al., 2007; 
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Manzello and Choi, 2002; Zhu, 2002; Sorensen et al., 1992):   
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The determination of fractal properties (Df and kf) provides useful information of the 
cluster growth mechanism and are required for the analysis of soot scattering behavior.   
The slope of the linear fit represents Df and the intersection of the linear fit with the 
vertical axis represents kf.   To determine soot morphological properties, ln(Rg/dp) versus 
ln(Np) was plotted in Figure 3.17 and Figure 3.18 for diesel and biodiesel soot, 
respectively.  From these figures, fractal properties were determined and are summarized 
in Table 3.4.  
 
Table 3.4 Fractal properties of diesel and biodiesel soot 
 
 
 
Np Df kf 
Diesel 
 
431 1.69 7.7 
Biodiesel 
 
515 1.56 7.8 
  
As shown in Table 3.4, the fractal dimensions for diesel soot (1.69) and biodiesel 
soot (1.56) are very comparable.  These results are also similar to the values reported (Df  
= 1.65) from Koylu and Faeth (1995) for soot produced from gaseous (acetylene, 
propylene, ethene, propane) turbulent flames, diffusion flames and the laminar ethane 
diffusion flame soot (Df  = 1.62 - 1.74) by Megaridis and Dobbins (1990).  This 
consistency in the fractal dimension was also reported for diverse fuels and operating 
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conditions that ranged from soot produced in large JP-8 pool fires (Df  = 1.6 - 1.7) by 
Jensen et al., 2007) to soot collected from spherically-symmetric n-heptane microgravity 
diffusion flames (Df  = 1.56 - 1.61) (Manzello and Choi, 2002).  This behavior (constant 
of fractal dimension) of soot agglomerates are strongly related with soot growth 
mechanism which is commonly referred to as cluster-cluster agglomeration mechanism 
(Megaridis and Dobbins, 1990).      
Figure 3.17 and Figure 3.18 display the values of mass fractal prefactor term (kf) 
which provides additional information such as the compactness and the level of packing 
of soot agglomerate as summarized in Table 3.4 (Manzello and Choi, 2002; Cain and 
Sorensen, 1995; Wu and Friedlander, 1993).  As tabulated, the average kf for biodiesel 
soot of 7.8 is very close in value to that for diesel soot of 7.7.  The values of Df and kf for 
diesel and biodiesel soot will be used in the analysis of the scattering and beam shielding 
influence on the variation of the measured Ke values.   
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3.6 Influence of Soot Density on the Light Extinction Constant 
 In the GLSE technique, the soot density must be accurately known to evaluate Ke 
as the value used in the calculation can lead to the uncertainties in Ke.  As discussed in 
Chapter 1, the typical value of soot density (ρsoot) for different fuels varies from 1.74 
g/cm3 to 2.05 g/cm3.  Since the density of diesel and biodiesel soot is not documented in 
the literature, the most commonly used density of soot used in the GSLE experiments, 
namely 1.74 g/cm3 (Choi et al., 1995) was used for the calculation of Ke.  The influence 
of the soot density can be removed by calculating instead the value of the mass specific 
extinction constant, σe, using the following equation:     
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Table 3.5 Calculated values of σe for diesel and biodiesel soot at 632.8 nm and 1064 
nm 
 
 
 
σe   at 632.8 nm (m2/g) σe   at 1064 nm (m2/g) 
Diesel 
 
10.1 5.7 
Biodiesel 
 
10.7 5.1 
 
As shown in the Table 3.5, the influence of the wavelength on the mass specific 
extinction constant is significant with nearly a 50 % reduction that is observed for the 
biodiesel results.  However, the differences between diesel and biodiesel comparisons at 
632.8 nm and 1064 nm are still present in the calculation of the mass specific extinction 
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constant.  For example, the 6.3 % difference between diesel and biodiesel Ke values are 
the same as the differences in σe for the 632.8 nm experiments, whereas the 11 % 
difference observed for the Ke values are maintained for the σe calculations at 1064 nm 
(Shown in Table 3.5). 
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3.7 Influence of Soot Nanostructure on Optical Properties 
 The chemical composition and nanostructure of soot are important factors that can 
influence the variation of the refractive index (and Ke) values for diesel and biodiesel soot.  
Diesel fuel is produced from hydrocarbon sources, whereas the biodiesel used in our 
experiments is derived from soy methyl esters (i.e. soybeans).  Several investigations 
considered the effects of the differences in the chemical composition (i.e., H/C (hydrogen 
to carbon) ratio analysis) in order to explain the variations of light extinction behaviors 
due to the deviations in refractive indexes (Dalzell and Sarofim, 1969; Lee and Tien, 
1981; Vaglieco et. al., 1990; Dobbins et. al., 1995).   
 Chang and Charalampopoulos (1990) performed refractive index measurements 
for a laminar propane/oxygen diffusion flame, measured as a function of height above 
burner.  Variations in the refractive index were observed even for small differences in 
height above the burner which resulted in variations of the Ke and E(m) and F(m) values 
(See Table 3.6) where these parameters are calculated for the Rayleigh limit: 
 
)(6 mEKK ae π==       (3.11)                      
and E(m) and F(m) are defined by the relationship of the refractive index, m = nλ – ikλ: 
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Table 3.6  Calculated values of the Ke using reflective index of propane soot at  
710 nm (Chang and Charalampopoulous, 1990) 
 
 
 
Ke F(m) E(m) nλ kλ 
 
6 mm 4.023 0.089 1.613 1.613 0.473 
 
8 mm 4.181 0.119 0.222 1.762 0.564 
 
10 mm 4.059 0.136 0.213 1.824 0.557 
   
However, in these studies, the soot particles with H/C ratios with variations 
between 0.2 and 0.6 were investigated rather than focusing on distinct carbon structures 
(such as graphitic and amorphous carbon) or distinctly carbonaceous soot with H/C ratio 
of less than 0.2 that correspond to more mature soot.  Previous investigations (Stagg and 
Charalampopoulos, 1993; Chang and Charalampopoulos, 1990) have reported the 
connection between the nanostructure of carbonaceous material and its optical properties.  
In those studies, the refractive index of different carbonaceous materials (with attendant 
differences in the nanostructure) such as pyrolytic graphite, amorphous carbon, and 
flame-generated were measured using an ellipsometric technique (Stagg and 
Charalampopoulos, 1993, See Table 3.7). 
The graphite in Table 3.7 displays a Ke value that is 13 % higher than the Ke value 
of the flame-generated soot.  The Ke for amorphous carbon produces the highest value of 
the three different carbon samples analyzed in Table 3.7 although the difference between 
graphite and amorphous carbon is less than 4 % and is within the uncertainty of the 
measurement technique.  Stasio and Braun (2006) also observed variations in the 
graphitic content of soot as a function of flame height above an ethylene/air diffusion 
flames.  Observed variations in the graphitic content were attributed to the longer 
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residence time and thermal annealing which dominates the graphitization process at the 
edge site of soot (Shaddix et al., 2005; Stasio and Braun, 2006).  It was also found that 
the thermal annealing of amorphous carbon produced a significant increase in the 
imaginary part of the refractive index (Vaglieco et al., 1990).  This observation was also 
confirmed by the measurements of Stagg and Charalampopoulos (1993) as shown in 
Table 3.7.  Based on these studies, differences in nanostructure are found to have strong 
variations in the light absorption characteristics of soot due to the existence of free 
electrons (π-bond) in the structure of carbon.   
 
Table 3.7 Calculated values of the Ke using reflective index  
   (Stagg and Charalampopoulous, 1993) 
 
 
633 mm Ke F(m) E(m) nλ kλ 
 
Graphite 3.900 0.295 0.207 2.684 1.399 
 
Amorphous 4.051 0.281 0.215 2.356 0.986 
 
Soot 3.458 0.093 0.183 1.527 0.378 
 
Although the analysis of HRTEM images can be used for useful interpretations of 
soot nanostructure, quantitative measures or comparisons based on visual observations of 
HRTEM soot images are very limited.  In view of the difficulties encountered when using 
visual observation of HRTEM images, recent investigations on soot nanostructure has 
employed fringe analysis for a more quantitative interpretation of soot particles.   
Flame-generated soot is neither pure graphite nor pure amorphous carbon.  
Graphite is a layered compound with carbon atoms that feature sp2 (which consists of one 
s-orbital and two p-orbitals) bonds that are arranged in a hexagonal crystalline lattice as 
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shown in Figure 3.19.  The schematic of the hybridized sp2 bonds and orbitals is shown in 
Figure 3.20.  In pure graphite, three of the valence electrons are found in the sp2 orbital 
and the fourth valence electron is found in the π-orbital.   
Amorphous carbon does not feature long-range crystalline structure as in graphite 
and is defined by random, short-range order as shown in Figure 3.21.  Amorphous carbon 
contains carbon atoms with both sp2 and sp3 bonds.  The importance of the sp3 bonds is 
that it is the primary bond between carbon atoms that are featured in diamonds (another 
allotrope of carbon).  In the sp3 bond, the s-orbital and the three p-orbitals are hybridized 
into a symmetric set of tetrahedral bonds.  Figure 3.22 displays a schematic of the 
hybridized sp3 bonds and orbitals.  The differences in the carbon bonds that are featured 
in pure amorphous carbon (which produce no sp2 bonds) and pure graphite (which 
produce sp2 bonds) can be transitioned through the process of graphitization (which 
converts sp3 bonds to sp2 bonds).  This process can occur within a flame for flame-
generated soot that feature initial amorphous structure in the nascent soot to transition to 
more graphitic structures through thermal annealing in the high-temperature regions 
within the flame.     
Soot particles are composed of multiple crystallites with well defined lattice 
spacings that are dependent on the orientation of the carbon layer planes.  Figure 3.23 
displays the schematic of a hexagonally-arranged formation of carbon atoms forming 
single grapheme layers along a basal plane.  For carbon layers that are randomly rotated 
about the c-axis, the term turbostratic structure can be applied.  Due to the misalignment 
of the carbon layers, the lattice plane spacing can range in dimensions up to 0.39 nm.  For 
carbon layers that are aligned with no rotation about the c-axis, the term graphitic 
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structure can be applied.  Due to the perfect alignment, the lattice plane spacing is 
constant at 0.34 nm.  The dimension of the individual layer is equal to that of length of 
the carbon lamella, which is also referred to as the fringe length of the graphene layer.  
The use of HRTEM analysis of the soot nanostructure enables the characterization of 
important elements related to the lengths of the carbon lamella (defined in terms of fringe 
length) and the degree of curvature of the carbon lamella (defined in terms of the 
tortuosity).  Previous studies have indicated that the curvature of carbon lamella 
represents the presence of five-member carbon rings on the basal plane as opposed to the 
more conventional six-member rings (Vander Wal and Tomasek, 2006) which produce 
planar lamella layers.   
In this study, the fringe analysis was based upon computer-aided image 
processing techniques and featured the characteristics of carbon lamellas appearing as 
fringes in the HRTEM images (Shim et al., 2000; Galvez et al., 2002; Vander Wal and 
Tomasek, 2004; Vander Wal and Mueller, 2006).  In this study, a fringe analysis 
algorithm was developed by following the model of Shim et al. (2000) and Vander Wal et 
al. (2005) with using image program.  The length of the carbon lamella fringes provide 
important insights regarding the long-range order of the structure and therefore, serve as a 
measure of the degree of graphitization of soot.  The tortuosity of the soot nanostructure 
relates to the degree of curvature of the carbon lamella.  In a previous investigation by 
Vander Wal and Tomasek (2004) using a variety of different fuels, inerts and operating 
conditions of laboratory diffusion flames, it was reported that the carbon lamella 
curvature and length can be correlated with changes in the temperature and time history 
experienced by the soot particles.  Furthermore, the curvature of the carbon lamella (thus, 
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the presence of 5-member carbon rings as opposed to 6-member rings) can be higher for 
amorphous carbon compared to graphitic carbon.  The primary reason for the higher 
curvature for amorphous carbon is related to the presence of carbon bonds with sp3 
hybridization to sp2 carbon framework.   
For the soot nanostructure investigation, the soot was sampled at the same 
location as the SEM soot samples as shown in Figure 3.6.  The transmission electron 
microscope (TEM) copper grid with lacey carbon (Ted pella Inc., model: 01890) was 
used to collect the soot samples for high resolution image processing for the soot 
nanostructure.  High resolution TEM (HRTEM) was performed using JEOL JEM 2010F 
Transmission Electron Microscope.  The images of soot nanostructure were obtained at 
magnifications of 1,100,000x.  To reveal the internal structures as distinct fringes and 
tortuosities, the analysis algorithm included the following major processes:  
• Pre-processing of the TEM images using low-pass filtering and setting of 
threshold for binary allocation (to delineate background and object).  The 
correction of uneven background illumination (that is common in the HRTEM 
imaging) was first performed by offsetting the background.  To extract 
meaningful fringes, HRTEM image noises were further reduced by applying a 
spatial filter and the fringe features were accentuated using an edge-enhanced 
filter.  Accentuated fringes are then extracted by setting an appropriate threshold 
value that gives the maximum number of identified fringes (Palotas et al., 1996).   
Finally a “thinning” operation on the periphery of each fringe was performed to 
produce the distinct fringes with one-pixel in width.   
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• Skeletonization of extracted fringes and detection of fringe lengths and 
tortuosities.  This process is also known as skeletonization process of extracted 
fringes.  Skeletonized fringes may be bisected as a result of filtering and 
thresholding processes.  Therefore, the fringe analysis algorithm includes the 
post-processing procedure to recover the artificially bisected fringes.  All fringes 
that are less than 0.25 nm were removed since this dimension is the size of a 
single aromatic ring and therefore cannot be construed as a fringe (Galvez et al., 
2002).   
 
In this study, the graphitic degree of soot nanostructure was evaluated in terms of 
the fringe length and tortuosity.  For the calculation of fringe length, Lf, the total number 
of pixels comprising each skeletonized fringe was converted into lengths in nm by using 
the scale factor (nm/pixel) determined from the scale imaged at the same magnification in 
the HRTEM image.  The tortuosity, fT, represents the degree of curvature of the 
skeletonized fringes and in this study, the formulation for the tortuosity is given as (Shim 
et al., 2000): 
 
2 2
f
T
L
f
X Y
= +      (3.14) 
where Lf is the length of a fringe within a rectangular box (that encompasses the 
individual fringe), X is the height of the box, and Y is the width of the box as shown in 
Figure 3.24.   
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 In order to obtain accurate values of the soot nanostructure (fT and Lf), two 
different locations of the selected region of interest (ROI) and three different sizes of the 
ROI were performed in the present study.  Figure 3.25 displays the reproducible test of 
two different selected locations of the ROI and three different sizes of the ROI for diesel 
soot at 1 atm.  Figures 3.26.a-b and Table 3.8 displays the measured average fringe 
lengths and tortuosities for the six different variations of the ROI locations and ROI sizes.  
As shown in figures and Tables, large differences in the measured values of average Lf 
and average fT were observed at smaller sizes of ROI compared to the cases involving 
larger ROI’s.  In order to minimize the errors associated with the use of small ROI’s, only 
sizes associated with the largest ROI’s were analyzed for this study to measure Lf and fT.   
 
Table 3.8 Reproducible test at different ROI locations and different ROI sizes for 
diesel soot  
 
 
 
ROI Location (#1) ROI  Location (#2) 
 
Size (nm) 18 x 14 12 x 10 6 x 6 18 x 14 12 x 10 6 x 6 
 
Number of fringes 132 48 12 157 70 16 
 
Average Lf (nm) 1.51 1.33 0.38 1.45 1.19 0.75 
 
Average fT 1.21 1.21 1.21 1.21 1.17 1.16 
 
Figures 3.27.a-b and 3.28.a-b display the HRTEM images (at 1,100,000 magnifications) 
of diesel and biodiesel sampled at 1 atm. for two different locations, respectively.  
Figures 3.29.a-b and 3.30.a-b also display skeletonized fringe images obtained from the 
corresponding images from Figure 3.27.a-b and 3.28.a-b.  For both diesel and biodiesel 
soot, ordered crystallites with aligned arrangements at the edge and the core site of 
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primary particles can be visually observed.  The analysis of the fringe lengths from these 
images was performed.   The average fringe lengths and fringe tortuosities were obtained 
from more than 700 lamella samples.  Figures 3.31 and 3.32 display the cumulative 
histogram distributions of measured fringe lengths for diesel and biodiesel soot, 
respectively.  Examination of the fringe length distribution indicates the presence of 
larger fringes for the diesel soot.  The average Lf calculated for diesel soot is 1.43 nm and 
the average Lf for biodiesel is 1.28 nm, corresponding to a 12 % higher value for diesel 
soot.  The larger average fringe lengths and the distribution of larger fringes measured for 
the diesel soot (compared to biodiesel soot) illustrate a higher degree of graphitic 
structure (Vander Wal, 2003; Bond and Bergstrom, 2006: Vander Wal and Muller, 2006).   
 
Table 3.9 Summary of fringe analysis for diesel and biodiesel soot at five different 
locations 
 
Fuel 
 
Number of 
fringes AVG Lf (nm) AVG fT 
Diesel 724 
 
1.43 1.21 
Biodiesel 855 
 
1.28 
 
1.33 
 
 Figures 3.33 and 3.34 display the cumulative histogram distributions of the 
calculated fringe tortuosities for diesel and biodiesel soot, respectively.  The occurrence 
of higher values of tortuosity is observed biodiesel soot.  The average tortuosity for 
biodiesel soot for the 855 lamellas is 1.33 whereas the corresponding value for diesel soot 
is 1.21, a reduction of 10 % in the average tortuosity for diesel soot.  This measurement 
indicates that the biodiesel soot at 1 atm. possesses higher degree of curvature, shorter-
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range order as defined by the lower value of the fringe length, which can correspond to 
higher levels of sp3 bonds (compared to sp2 bonds) than that for diesel soot.   
Unlike pure graphite, flame-generated soot contains both sp3 bonds (which have 
no π electrons) and sp2 bonds (which feature π electrons).  Unlike pure amorphous carbon, 
flame-generated soot produce crystalline structure (though not with the long-range order 
as that observed in graphite) that has been imaged using high resolution transmission 
microscopy techniques (Vander Wal and Mueller, 2006; Park, 2006).  The degree to 
which the flame-generated soot feature characteristics of graphite or amorphous carbon 
will depend on the degree of graphitization experienced by the soot during its formation 
and evolution process in the high-temperature region of the flame.  Therefore, it is 
generally accepted that graphitic carbon structures in soot will contain more sp2 bonds 
(Shaddix et al., 2005).  The graphitization process that forms sp2 bonds also entails higher 
presence of π electrons.  The π electrons are loosely bonded and feature very closely 
spaced energy levels which allow the flame-generated soot with higher degree of 
graphitic structure as opposed to flame-generated soot with higher degree of amorphous 
structure to absorb light across a broader spectrum (Bond and Bergstrom, 2006).   
Therefore, lower degrees of curvature (as defined by lower tortuosities) and  longer range 
order (as defined by longer average fringe lengths) can lead to the presence of 6-member 
rings on the basal plane (as opposed to 5-member rings) and higher levels of carbon with 
π electrons associated with sp2 bonds (as opposed to sp3 bonds)   These effects will 
increase the overall absorption behavior of the material and produce higher values of the 
dimensionless extinction constant. 
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3.8 Influences of Soot Morphology on the Scattering Behavior 
 Rayleigh-limit solutions for the dimensionless extinction constant used in 
equation 3.1 are only valid when the light scattering component of light extinction is 
negligible.  This condition is met when the characteristic dimension of the soot is small 
compared to the wavelength of light.  However, soot agglomerates are composed of 
thousands of primary particles (with individual dimensions on the order of 50 nm) and the 
average agglomerate dimension can be of the same order of magnitude as the extinction 
source wavelength used in this and previous investigations.  Under these conditions that 
produce significantly large soot agglomerates, the Rayleigh-limit solution is no longer 
valid and use of equation 3.1 can introduce large uncertainties in the evaluation of Ke.  To 
overcome the limitation of the Rayleigh limit solution, recent works (Koylu et al., 1995; 
Koylu and Faeth, 1994; Mountain and Mulholland, 1988; Chakrabarty et al., 2007; 
Dobbins et al., 1994) have focused on the Rayleigh-Debye-Gans (RDG) scattering 
approximation.  The advantage of the RDG theory over the Rayleigh limit solution can be 
summarized as the consideration of the scattering from the irregular size of agglomerates 
(Al-Chalabi and Jones, 1995; Koylu et al., 1995; Koylu and Faeth, 1994) and therefore 
can be applied to determine the scattering component of extinction. 
The dimensionless extinction constant consists of the dimensionless absorption 
constant, Ka, and the dimensionless scattering constant, Ks:  
 
sae KKK +=     (3.15) 
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The description of the dimensionless scattering and the dimensionless absorption 
constants of soot agglomerates (known as RDG theory) are provided by Dobbin et al. 
(1994): 
 
)(6 mEK a π=       (3.16)     
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ππ
  (3.17)   
where xp is π·dp/λ, λ is wavelength of light, 2gR is the average of the square of the radius 
of gyration, Df is the fractal dimension, PN and 
2
PN are the averages of the first and 
second moments of agglomerate size probability distribution function, and F(m) and E(m) 
are associated with the complex refractive index, m = nλ – ikλ.  The Ks equation can be 
used to determine the influence of scattering on the overall extinction behavior. 
The differences in soot morphological properties such as dp, Rg and Df between 
diesel and biodiesel soot at 1 atm. can result in the differences in the scattering behaviors. 
For this reason, the scattering albedo, the ratio of scattering to absorption behavior, was 
calculated.  The scattering albedo, asaρ , can be formulated by rearranging equations 3.16 
and 3.17 (Williams et al., 2007; Dobbins and Megaridis, 1991): 
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where α  is 2PN / PN  and τ is 2πλ  
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The scattering to extinction albedo can be calculated through the use of asaρ  in the 
following equation: 
 
a
sa
a
sa
a ρ
ρω += 1     (3.19) 
 
Table 3.10 Summary of parameters used to calculate the scattering to extinction 
albedo for diesel and biodiesel soot at 632.8 nm and 1064 nm 
 
 
 
PN  
2
PN  α pd  2gR  fD  
 
Diesel 431 269372 624 42 113210 1.688 
 
Biodiesel 515 410321 796 34 84052 1.563 
 
 
Table 3.10 displays the parameters used in the calculation of the scattering to extinction 
albedo for diesel and biodiesel soot at 1 atm. performed using 632.8 nm and 1064 nm.  
Noting the differences in the refractive indices that are reported in the literature for soot 
collected from different flames and operating conditions, several different sets of 
refractive indices were used in the calculation of the scattering to extinction albedo.  
These sets include 
1) Graphite with a refractive index of 2.7 – 1.4i (Stagg and Charalampopolous, 
1993) 
2) Amorphous carbon with a refractive index of 2.4 – 1.0i (Stagg and 
Charalampopolous, 1993) 
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3) Flame-generated soot with a refractive index of 1.5 – 0.4i (Stagg and 
Charalampopolous, 1993) 
4) Propane soot with a refractive index of 1.57 – 0.56i (Dalzell and Sarofim, 1969) 
5) Polystyrene and Plexiglas soot with a refractive index of 1.90-0.43i (Lee and Tien, 
1981) 
6) Crude oil soot with a refractive index of 1.55 – 0.78i (Dobbins et al., 1994). 
 
Table 3.11 Summary of calculated scattering to extinction albedo for diesel and 
biodiesel soot at 632.8 nm  
 
 
 
 
 
 
 As shown in Table 3.11, there are significant differences in the calculated 
scattering to extinction albedo through the use of the six sets of refractive indices.  
The highest scattering to extinction albedo is recorded with the use of the 
morphological properties of diesel soot with the refractive index of graphite (Stagg 
and Charalampopoulos, 1993) and the lowest value, 0.173, was obtained for the 
calculation of biodiesel soot properties with the refractive index of crude oil (Dobbins 
et al., 1994).  Comparisons of the diesel/graphite albedo of 0.467 is more than 128 % 
higher than the albedo value of 0.205 calculated for diesel soot using the flame-
generated refractive index (Stagg and Charalampopoulos, 1993).  The significant 
increase in both the real and imaginary components of the refractive index produces 
 
 ωa(1) ωa(2) ωa(3) ωa(4) ωa(5) ωa(6) 
 
Diesel 0.467 0.454 0.205 0.193 0.445 0.194 
 
Biodiesel 0.433 0.420 0.184 0.173 0.412 0.173 
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higher values of F(m)/E(m) for the diesel/graphite combination compared to 
biodiesel/crude combination.  For the former case, the F(m)/E(m) is 1.457 whereas 
for the latter case, the corresponding value of F(m)/E(m) is 0.399. 
 
Table 3.12 Summary of calculated scattering to extinction albedo for diesel and 
biodiesel soot at 1064 nm  
 
 
 ωa(1) ωa(2) ωa(3) ωa(4) ωa(5) ωa(6) 
 
Diesel 0.274 0.263 0.100 0.093 0.257 0.094 
 
Biodiesel 0.236 0.226 0.083 0.078 0.220 0.078 
 
  
The differences in soot morphological properties between diesel and biodiesel soot 
results in approximately 6 % difference in soot scattering behavior for the 632.8 nm 
wavelength experiments.  The reduction in the Ke values as a function of wavelength as 
shown in Figure 3.5 is strongly influenced by the reduction in the scattering component.  
To examine the influence of elevated wavelength on the scattering behavior of diesel and 
biodiesel soot, the optical size parameter was considered.  With all other parameters kept 
constant (refractive index, dp, Rg and Df , etc shown in Table 3.10), the increase in 
wavelength caused a significant reduction in the overall Ke values due to the reductions in 
the scattering component.  For the 1064 nm experiments, the difference between soot and 
biodiesel scattering is approximately 15 %.  Comparisons of the scattering to extinction 
albedo for diesel soot (with graphite refractive index) at 632.8 nm and at 1064 nm 
illustrate that there is more than a 40 % reduction (Shown in Table 3.12).  This behavior 
can be observed through the λ−3 dependence of the scattering constant as shown in 
equation 3.17.  The reduction in the scattering component of extinction also provide a 
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closer approximation of the Rayleigh limit (since the particle dimensions become smaller 
compared to the wavelength) as the wavelength is increased from 632.8 nm to 1064 nm.   
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3.9 Influences of Beam Shielding Effects 
As briefly discussed in the previous section, beam shielding effect is caused by 
attendant light attenuation by particles on the front side of the agglomerate, thereby 
reducing the intensity reaching the particles on the rear side of the agglomerate 
(Mulholland and Mountain, 1999; Zhu et al., 2000; Zhu, 2002).  This effect will 
essentially reduce the incident intensity reaching the rear side of the agglomerate 
compared to the front side of the agglomerate and therefore, even with a constant soot 
volume fraction, the result will reduce the actual attenuation (Io – I).  This behavior will 
cause an artificial reduction in the dimensionless extinction constant because of the 
apparent reduction in the laser attenuation.  Figure 3.35 displays the schematic of the 
beam shielding influence that can be caused by agglomerates with larger primary particle 
sizes and greater number of primary particles. 
The measured values of dp and Rg for diesel soot are 25 % and 18 % larger than 
that for biodiesel soot, respectively.  These differences may create variations in the 
absorption cross section of soot particles between diesel and biodiesel soot.  In an earlier 
study, Mullolland and Mountain (1999) computed the mass specific extinction coefficient, 
σe (proportional to dimensionless extinction constant, Ke).  As shown in Figure 3.36, their 
numerical modeling of beam shielding effect clearly demonstrates that the magnitude of 
absorption of agglomerates is strongly dependent upon xp (dependent on primary particle 
dimension and the wavelength of light used in the attenuation study).  For example, for 
agglomerates that have the same number of primary particles (100), absorption across the 
agglomerate is reduced by 19 % as the xp is decreased from 0.6 to 0.2.  In the present 
study, the corresponding xp for diesel soot is 0.21 (at 632.8 nm) and 0.12 (at 1064 nm) 
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whereas that for biodiesel is 0.17 (at 632.8 nm) and 0.10 (at 1064 nm), respectively.  
These results indicate that diesel soot is more susceptible to the beam shielding effect at 
632.8 nm which may lead to further reductions in the Ke.  However, as the wavelength is 
increased to 1064 nm, the influence of beam shielding effect will be reduced for both 
diesel and biodiesel.  The dramatic reduction of Ke for biodiesel compared to diesel soot 
does not support the beam shielding influence as a major factor since the xp values are 
very similar for both fuels.   
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3.10 Conclusion  
The dimensionless extinction constants, Ke, of soot produced from diesel and 
biodiesel laminar diffusion flames were measured at 632.8 nm and 1064 nm.  This work 
represents the first measurement of the light extinction properties of ultra low sulphur 
diesel soot and biodiesel soot.  For diesel soot, the average Ke at 632.8 nm and 1064 nm 
was 11.1 ± 0.5 and 10.5 ± 0.3, whereas, the average Ke for biodiesel soot at 632.8nm and 
1064 nm was 11.8 ± 0.5 and 9.4 ± 0.3, respectively.  These measurements for the soot 
optical properties are important for use in non-intrusive laser and radiative diagnostic 
techniques such as light extinction technique for soot concentration measurements, two-
wavelength pyrometry for soot volume fraction and temperature measurements, laser-
induced incandescence for soot volume fraction distribution measurements, and radiative 
heat transfer calculations using the Planck-mean absorption coefficients.   
As part of this study, soot physical and fractal properties were measured through 
thermophoretic sampling and subsequent SEM analysis for primary particle size, radius 
of gyration, and fractal dimension.  High resolution TEM analysis was used to determine 
the nanostructure of soot using measurements of the fringe length and tortuosity.  These 
parameters indicate that the diesel soot display properties that are more closely aligned to 
graphitic properties than amorphous properties as marked by longer fringe lengths and 
lower degree of curvature (as defined by tortuosity).  The influences of scattering and 
beam shielding were examined the RDG theory and the Mulholland and Mountain (1999) 
theory, respectively, using the reported refractive indices for a variety of carbonaceous 
material.  Scattering represents an important component of extinction that can produce 
scattering to extinction albedos that are as high as 0.467 (for diesel soot at 632.8 nm and 
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using graphite refractive index).  The influence of scattering decreases with wavelength 
from 632.8 nm to 1064 nm (due to the reduction in the soot dimensions compared to 
wavelength) and corresponds to the reduction in the measured Ke values.  Although 
reductions with wavelength are expected based on numerical modelling results, the 
magnitude of beam shielding is not significant compared to the scattering behaviour.      
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3.11 Figures 
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Figure 3.1 Laser transmittance through the TCRN cell using a 632.8 nm laser for  
diesel soot experiment at 1 atm. 
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Figure 3.2 Light attenuation, ln(I/Io) as a function of soot collected for diesel soot 
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Figure 3.3 Light attenuation, ln(I/Io) as a function of soot collected for biodiesel soot 
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Figure 3.4 Laser transmittance through the TCRN cell using a 1064 nm laser for 
diesel soot experiment at 1 atm. 
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Figure 3.5 Measured Ke for diesel and biodiesel soot at 1 atm. 
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Figure 3.6 Schematic of soot sampling apparatus (side view) 
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(a) 
(b) 
 
Figure 3.7 Image from Scanning Electron Microscope (SEM) for diesel soot at 1 atm.  
at location (a) #1 (b) #2 (48,000 x) 
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(a) 
(b) 
 
Figure 3.8 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 1  
atm. at location (a)  #1 (b) #2 (48,000x) 
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Figure 3.9 Average of primary particle, dp, as function of number of sample for diesel  
soot 
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Figure 3.10 Average of primary particle, dp, as function of number of sample for  
biodiesel soot 
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Figure 3.11 Histograms of primary particle size for (a) diesel and (b) biodiesel soot at  
1 atm. 
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(e) 
(g) 
 
 
Figure 3.12 Image from Scanning Electron Microscope (SEM) for diesel soot at 1 atm.  
at location (a)  #1 (b) #2 (12,000x) 
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(e) 
(g) 
 
 
Figure 3.13 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 1  
atm. at location (a) #1 (b) #2 (12,000x) 
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Figure 3.14 Average of radius of gyration, Rg, as function of number of sample for  
diesel soot 
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Figure 3.15 Average of radius of gyration, Rg, as function of number of sample for  
biodiesel soot 
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Figure 3.16 Histograms of radius of gyration for (a) diesel and (b) biodiesel soot at 1  
atm. 
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Figure 3.17 Graph of the natural logarithm of the number of primary particles per   
aggregate, Np versus the natural logarithm of the ratio of radius of gyration         
per  average primary particle size in aggregate for diesel soot at 1 atm. 
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Figure 3.18 Graph of the natural logarithm of the number of primary particles per      
aggregate, Np versus the natural logarithm of the ratio of radius of gyration   
           per average primary particle size in aggregate for biodiesel soot at 1 atm. 
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Figure 3.19 Three dimensional schematic of the graphite structure (Pierson, 1993) 
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Figure 3.20 Schematic of SP2 hybridization of carbon atoms (Pierson, 1993) 
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Figure 3.21 Three dimensional schematic of the amorphous structure (Pierson, 1993) 
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Figure 3.22 Schematic of SP3 hybridization of carbon atoms (Pierson, 1993) 
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Figure 3.23 Schematic of graphitic carbon nanostructure (Pierson, 1993) 
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Figure 3.24 Schematic of a box enclosing a fringe for tortuosity calculation 
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Figure 3.25 Skeletonized images from different ROI locations and different ROI  
 sizes in the HRTEM image for diesel soot at 1 atm. 
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Figure 3.26 Average (a) fringe lengths and (b) fringe tortuosity as function of ROI area  
for diesel soot at 1 atm. 
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(a) 
 
(b) 
 
 
Figure 3.27 High Resolution Transmission Electron Microscope (HRTEM) image for  
diesel soot at 1 atm. at location (a) #1 (b) #2 
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(a) 
 
(b) 
 
 
 
Figure 3.28 High Resolution Transmission Electron Microscope (HRTEM) image for  
biodiesel soot at 1 atm. at location (a) #1 (b) #2 
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(a) 
 
(b) 
 
 
 
Figure 3.29 Skeletonized fringe images for diesel soot at 1 atm. at location (a) #1 (b)  
#2 
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Figure 3.30 Skeletonized fringe images for biodiesel soot at 1 atm. at location (a) #1 
(b) #2 
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Figure 3.31   Histogram distribution of fringe length for diesel soot at 1 atm. 
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Figure 3.32   Histogram distribution of fringe length for biodiesel soot at 1 atm. 
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Figure 3.33   Histogram distribution of fringe tortuosity for diesel soot at 1 atm. 
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Figure 3.34   Histogram distribution of fringe tortuosity for biodiesel soot at 1 atm. 
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Figure 3.35 Schematic of beam shielding effect (Zhu, 2002) 
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Figure 3.36 Numerical calculation using coupled electric and magnetic dipole of 
beam shielding effects (Mullhoulland and Mountain, 1999) 
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CHAPTER 4: Dimensionless Extinction Constant of Diesel and Biodiesel Soot      
Sampled at Elevated Pressure for Visible and Infrared Wavelengths 
  
4.1  Introduction  
 
Soot particles that are emitted from practical combustors, due to incomplete 
combustion, represent significant health hazards and major pollutants for air and water 
resources.  As discussed in the previous chapters, particulates that are formed and emitted 
from combustion of diesel fuel from transportation and stationary powerplants can be 
transported through the airstreams, settle in water reservoirs and streams and can be 
ingested through the respiratory systems of humans and other mammals.  The US EPA 
(2002) has also reported that diesel particulate exhausts are likely to carcinogenic.  
Therefore, characterization of the particles that form diesel (and alternative fuels that are 
considered for replacement or additives, such as biodiesel) are of great importance.  It is 
also important to recognize that the particulates that are formed in practical combustors 
such as diesel engines differ from particulates formed in 1 atm. condition due to the 
significant changes in the operating conditions under which the particles are formed and 
evolved.  Therefore, the influence of pressure on soot properties, soot formation, and 
sooting propensities (measured through soot volume fraction that requires accurate Ke 
data) have been topics of investigation for several decades.  Investigation of diesel and 
biodiesel property measurements in this study has demonstrated large variations in the 
physical, fractal, and nanostructure properties among fuels that resulted in differences in 
the optical properties.  The variations in these properties are expected to persist and even 
be amplified as the operating pressure is increased.   
Increase in the pressure under which combustion takes place results in variations 
in the flame temperature, transport properties and radiative emission.  For example, the 
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thermal diffusivity (which governs the rate of heat transfer from the flame) and mass 
diffusivity (which governs the rate of gas-phase species transport) vary inversely with the 
pressure (Glassman, 1996).   The binary mass diffusivity, DAB, can be formulated using 
the Chapman-Enskog theoretical description (Reid et al., 1987): 
 
3
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AB AB D
TD
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σ Ω       (4.1) 
where P is the ambient pressure, MWAB is the molecular weights for species A and B (i.e., 
PAH in N2 inert), the ABσ  is the hard-sphere collision diameters for species A and B, and 
DΩ  is the collision integral.  The combination of higher flame temperatures, due to 
reduced dissociation of products, and lower rates of gas-phase species transport (which 
results in longer residence times) can significantly increase the sooting propensity by 
allowing for more time for soot inception and growth.  In the experiments by Bohm and 
coworkers (Bohm et al., 1988), significant increase in the soot volume fraction was 
measured as pressure was increased for premixed ethane and benzene flames operated at 
pressures of 1 atm. to 5 atm.  The pressure dependence of the soot volume fraction was 
P2.  For diffusion flames, Flower and Bowman (1984) measured soot volume fraction for 
ethene flames at pressures from 1 atm. to 2.5 atm. and also found that the soot volume 
fraction varied as a function of pressure as P2.  Empirical correlation of the soot 
formation rate (wsoot) as discussed in the review by Kennedy (1997) formulates the 
pressure-squared dependence as follows: 
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where C is a modeling constant, T is the temperature, P is the inlet pressure, H is the 
weight percentage of hydrogen in the fuel, F/A is the fuel/air ratio, mF is the mass fraction 
of the fuel, mA is the mass fraction of the air and τ is the turbulence constant.  In 1994, 
Young and coworkers (1994) measured soot volume fraction produced from turbulent 
kerosene-fired flames using laser extinction at pressures from 1 atm. to 6.5 atm. and 
reported soot volume fraction and soot formation rates that varied linearly with pressure.  
Several subsequent investigations (Flower and Bowman, 1987; Flower and Bowman, 
1988) revealed that soot volume fraction can vary from P1 to P1.4 for diffusion flames.  
The important insight from these investigations is that soot volume fraction increases 
with pressure for both diffusion and pre-mixed flames.  In addition to the higher 
temperature and longer residence times, the increase in pressure will lead to higher rates 
of collision of the gas-phase species and thus higher reaction rates for soot precursors 
necessary for the nucleation of the soot particle and subsequent growth through mass 
addition. 
 It is important to recognize that in many of the previous investigations on soot 
formation in high pressures, the sooting propensity was either measured using filter 
sampling or light extinction measurements or inferred from opacity measurements.  The 
disadvantages of these techniques and the methods in which they have been applied are 
numerous.  For example, the sampling technique requires mass measurements using 
filters and cannot be used for transient measurement of the soot concentration.  
Furthermore, the sampling technique may affect soot properties, especially if sampling is 
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performed in high-temperature regions or through the use of dilution chambers.  For the 
light extinction technique, the accuracy of measurements will depend on the accuracy of 
the dimensionless extinction constant used in Bouguer’s formulation.  Many of the 
previous works have relied upon the Ke value calculated from refractive indices of soot 
and the Rayleigh limit formulation.  The results of this study indicate that the actual 
values of Ke that are measured are approximately a factor of two larger than the values 
calculated using this approach.  Opacity measurements are typically performed for 
particulates that have been collected after the flow has passed through a dilution tunnel 
which affects the particle concentration due to the addition of entrained air.  Therefore, 
the accuracy of measurements of soot concentration can come into question when these 
techniques are used in high pressure conditions.  For example, the influence of biodiesel 
as additives or replacements to diesel on particulate measurements has produced results 
that varied significantly.  In these experiments, the range of reduction of particulate 
matter when diesel was replaced by biodiesel ranged from 40 % to 90 % (Lapuerta et al., 
2008). 
While the experiments that were performed in Chapter 3 provide important 
information that can be used for diagnostic investigation of diesel and biodiesel soot 
produced in 1 atm. conditions, higher pressure experiments can provide important 
insights into the attendant influence on dimensionless extinction constant (Ke), soot 
morphology (Rg and dp), fractal dimensions (Df and kf) and soot nanostructure (tortuosity 
and fringe length).  Therefore, the extension of the measurement of Ke, Rg, dp, Df, kf and 
nanostructure performed at 5 atm. for diesel and biodiesel soot will serve as an important 
extension that can be applied for practical combustors.  These experiments for diesel and 
 165
biodiesel soot at 5 atm. will represent the first measurements performed at this operating 
pressure. 
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4.2 Experimental procedure for high pressure conditions 
The high pressure experiments performed at 5 atm. utilized the syringe burner and 
ignition system that was described in Chapter 2.  For the high pressure experiments, the 
syringe pump provided constant fuel flow rates that was maintained at 0.04 ml/min.  For 
both the diesel and biodiesel experiments, the liquid fuel was ignited using the hot-wire 
ignition system.  The ceramic tube that enclosed the wires for the ignition system was 
sealed using epoxy to prevent leakage during the high pressure experiments.  For safety 
precaution, ignition was initiated at 1 atm. pressure condition for all of the experiments (1 
atmosphere to high pressure experiments).  After ignition of the fuel was initiated, 
compressed air was supplied to the chamber through an orifice located under the burner 
throne, which diffused the air flow and prevented disruption to the flame.  The 
compressed air was supplied at 10 l/min into the combustion chamber using a mass flow 
controller.  Care was exercised in selecting the air flow rate that didn’t disturb the flame 
during the pressurization process and to prevent significant fluctuations in the soot 
volume fraction.  While pressurizing, the chamber pressure and temperature were 
measured using a pressure transducer.  A pressure relief valve was mounted on the top 
cover of the combustion chamber to provide protection from over-pressure while the 
chamber was being pressurized with air.   
The typical duration required for the chamber pressure to increase from 1 atm. to 
5 atm. was approximately 10 minutes.  When the pressure within the combustion 
chamber increased to a value of 5 atm., the exhaust valve at the top of the chamber was 
opened to maintain constant pressure of 5 atm. during the sampling phase of the 
experiment.  For the high pressure experiments, the soot collected using the cone-shaped 
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outlet at the top of the combustion chamber was introduced to a tunnel and then diluted 
with air prior to introduction into the transmission cell.  The additional airflow into the 
dilution tunnel was varied to ensure sufficient attenuation of the laser intensity without 
creating obscuration which will result in an optically-thick condition.   
 168
4.3 Measured Dimensionless Light Extinction Constants for Diesel and Biodiesel 
 Soot at Elevated Pressure Conditions for 632.8 nm and 1064 nm  
 
After obtaining constant chamber pressure of 5 atm., the data acquisition for laser 
intensity was initiated.  Figure 4.1 displays the intensity measurements as a function of 
time for the 632.8 nm laser experiments.  This figure illustrates the attenuation of the 
laser intensity at various stages of the experimental operation including the periods for 
background intensity measurements prior to soot introduction (0 to 400 seconds), 
introduction of diesel soot into the TCRN (400 to 1050 seconds), period of collection of 
soot mass measurements (600 to 900 seconds) and introduction of clean air into the 
TCRN period and measurements of the background intensity after soot removal from 
TCRN (1100 to 1300 seconds).  Figure 4.2 displays the intensity results of Figure 4.1 as 
the intensity ratios (I/Io) as a function of time.  The average of the intensity ration (I/Io) 
during the soot collection period is 0.45 which denotes that it is within the regime that 
produce correspondence of soot mass and intensity ratio as identified in the Chapter 3 of 
this dissertation.  
Figures 4.3.a-b displays the measured average ln(I/Io) (calculated during the soot 
collection period from each experiment) as a function of the mass of collected soot for 
diesel and biodiesel soot at 5 atm. for the 632.8 nm experiments.  The optical thicknesses 
for both diesel and biodiesel experiments ranged from ln(I/Io) equal to 0.3 to 1.3, which 
encompass a wide range of sooting conditions.  The results illustrate the correspondence 
between the measured parameters that enable the direct comparison between 
gravimetrically-measured soot volume fraction and the light extinction measured soot 
volume fraction.   
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Experimental measurements of the dimensionless extinction constant at the 5 atm. 
conditions were more difficult to obtain than the corresponding values at 1 atm. due to 
the difficulty in maintaining constant soot concentration within the TCRN during the 
sampling period.  There were many experiments that were discarded due to rapid 
fluctuations during the sampling period.   
Figure 4.4 and Table 4.1 display the measured average values of Ke for diesel and 
biodiesel at 5 atm. at 632.8 nm.  The average measured Ke value for diesel soot was 
obtained for the 7 experiments equal 12.8 with a standard deviation of 0.5.  This value is 
higher than the Ke value of 11.1 (with a standard deviation of 0.5) that was measured for 
diesel soot at 1 atm.  Similarly, the average measured Ke value for biodiesel soot  
obtained for the 7 experiments equals 11.3 (with a standard deviation of 0.5).  The value 
for biodiesel at 5 atm., on the other hand, is lower than the value of 11.8 (with a standard 
deviation of 0.5) that was measured for biodiesel soot at 1 atm.   
 
Table 4.1 Measured average values of Ke for diesel and biodiesel soot at 5 atm. and 1 
atm. for light extinction experiments at 632.8 nm 
 
 
Fuel Ke 
 
Diesel @ 5 atm. 
 
12.8 ± 0.5 
 
Diesel @ 1 atm. 
 
11.1 ± 0.5 
 
Biodiesel @ 5 atm. 
 
11.3 ± 0.5 
 
Biodiesel @ 1 atm. 
 
11.8 ± 0.5 
 
The dimensionless extinction constant measurements were also performed at 5 
atm. for the 1064 nm experiments for diesel and biodiesel soot.  Figure 4.5 and Table 4.2 
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display the measured average values of Ke for diesel and biodiesel soot for these 
experiments.  The average measured value of Ke for diesel soot obtained for 7 
experiments equals 11.5 with a standard deviation of 0.2.  The average measured value of 
Ke for biodiesel soot obtained for 7 experiments equals 10.2 with a standard deviation of 
0.2.  There are important variations that can be observed from Figure 4.5 in that the 
increase in wavelength from 632.8 nm to 1064 nm reduces the Ke values for both diesel 
and biodiesel soot at 5 atm., with reduction in both values of approximately 10 %.  Figure 
4.6 displays the Ke values for diesel and biodiesel soot at 1064 nm as a function of 
chamber pressure (1 atm. and 5 atm.).  Comparisons with the 1064 nm experiments 
performed at the two different chamber pressures at 1064 nm indicate that higher pressure 
conditions produce Ke values that are approximately 9 % higher compared to the 1 atm. 
case for both diesel and biodiesel soot.   
 
Table 4.2 Measured average values of Ke for biodiesel soot at 5 atm. and 1 atm. for 
light extinction experiments at 632.8 nm and 1064 nm 
 
 
Fuel 
 
632.8 nm 1064 nm 
 
Diesel @ 5 atm. 
 
12.8 ± 0.5 
 
11.5 ± 0.2 
Diesel @ 1 atm. 
 
11.1 ± 0.5 
 
10.5 ± 0.3 
 
Biodiesel @ 5 atm. 
 
11.3 ± 0.5 
 
10.2 ± 0.2 
Biodiesel @ 1 atm. 
 
11.8 ± 0.5 
 
9.4 ± 0.3 
 
For the 632.8 nm experiments, the differences in the measured values Ke for diesel 
soot and biodiesel soot at 5 atm. are 15 % and 4 %, respectively, compared to the 
corresponding values at 1 atm.  For the 1064 nm experiments, the differences in the 
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measured value Ke for diesel soot and biodiesel soot at 5 atm. are 11 % compared to the 
corresponding values at 1 atm.  The Ke values measured at 5 atm. provide important 
insights that can extend the current understanding of optical property variation as a 
function of pressure and will be important for use in non-intrusive diagnostic 
measurements performed at higher pressures   
These measurements of Ke values for diesel soot and biodiesel at 632.8 nm and 
1064 nm obtained at the higher pressure conditions indicate that there are measurable 
differences as a function of fuel-type, wavelength and pressure.  These variations will 
affect the measurement of soot concentration using techniques such as light extinction 
and laser-induced incandescence measurements that rely upon Ke values.  However, the 
magnitude of all of the measurements performed at the 5 atm. condition (which range 
from a low of 10.2 for biodiesel at 1064 nm to a high of 12.8 for diesel at 632.8 nm) are 
more accurate than the traditional value of Ke that is calculated using refractive index and 
the Rayleigh limit solution.  For example, the most common value that is used in the 
literature is 4.9 based on the refractive index of Dalzell and Sarofim (1969).  For this 
situation, the average value of Ke for the measurements for all experiments (for all fuel-
type and wavelength) of 11.5 will produce fv values that are more accurate.  For example, 
the soot volume fraction for these conditions will be over-predicted by 130 % when Ke of 
4.9 is used for diesel and biodiesel soot produced at 5 atm.  These are significant errors 
that can be avoided through the use of the fuel-type and wavelength dependent values 
that are measured in this dissertation.  In the following sections, measurements of soot 
morphology and soot nanostructure and calculation of the soot scattering albedo are 
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presented to interpret the measurements and variations in the Ke values as a function of 
pressure and wavelength. 
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4.4 Measurement of Soot Morphology for Diesel and Biodiesel Soot at 5 atm.  
 
Figures 4.7.a-b and 4.8.a-b display the high magnification (48,000x) SEM images 
of diesel soot obtained at 5 atm. and at 1 atm. respectively.  From visual observations, 
significant differences in the size of the primary particles can be observed as pressure is 
increased from 1 atm. to 5 atm. for diesel soot.   Similar behavior was observed for 
biodiesel soot images as shown in Figures 4.9.a-b and 4.10.a-b.  Using the method of 
analysis that is described in Chapter 3, the primary particle size, dp, measurements were 
performed for 120 samples of soot.  Figure 4.11.a displays the measurement of the 
average dp as a function of number of samples from 1 to 120 for diesel soot at 5 atm.  As 
this figure illustrates, the average dp value vary significantly as the number of samples 
used in the calculation increases but it plateaus to a near constant value when the sample 
size reaches about 80.  Similar measurements were performed for dp for biodiesel at 5 
atm. as shown in Figure 4.11.b.    
 
Table 4.3 Measured values of dp for diesel and biodiesel at 5 atm. and 1 atm. 
 
 
 
dp (nm) 
 
Diesel @ 5 atm. 96 
 
Diesel @ 1 atm. 42 
 
Biodiesel @ 5 atm. 98 
 
Biodiesel @ 1 atm. 34 
  
Figure 4.12 and Table 4.3 display the measured dp for diesel and biodiesel soot at 
5 atm.  The average dp is 96 nm for diesel soot at 5 atm., whereas the average dp is 98 nm 
 174
for biodiesel soot at 5 atm.  These values are significantly higher than the average dp of 
42 nm for diesel soot at 1 atm. and the average dp of 34 nm for biodiesel soot at 1 atm.  
The dp for diesel soot at 5 atm. is 128 % larger than that for diesel soot at 1 atm., whereas 
the average dp for biodiesel soot at 5 atm. is 190 % larger than that for at 1 atm. as shown 
in Table 4.3. 
Previous investigation by Flower and Bowman (1984) using a laminar 
ethylene/air diffusion flame also reported significant increases in dp as pressure was 
increased.  In their experiments, the measured dp increased from 60 nm to 90 nm as 
pressure was increased from 1 atm. to 2 atm.  There are several interpretations for the 
increase in primary particle with increasing pressure.  The first relates to enhancements in 
particle nucleation and growth caused by soot precursors.  The investigation by Bohm et 
al. (1992) determined that the concentrations of critical PAH species are more abundant 
at the higher pressure conditions.  They reported that PAH species (includes bebzene, 
naphthalene and pyrene) are proportional to P2.  These PAH molecules increase the 
propensity for soot particle formation in which larger PAH molecules serve as pre-cursors 
to the particles that are formed through carbonization.  Furthermore, the surface growth 
mechanisms through PAH addition reactions can enhance growth of the soot particles 
(David et al., 2000).  Kim and coworkers (2008) performed soot primary particle 
measurement for ethylene diffusion flames operated under chamber pressures ranging 
from 1 atm. to 8 atm.  In these experiments, the dp at 1 atm. was approximately 20 nm 
and the dp at 8 atm. was approximately 40 nm.  The increase in the primary particle 
dimensions was attributed to the longer elapsed times which produced higher 
concentrations of dominant species responsible for surface growth.  In a numerical study 
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using ethylene premixed flames, Kazakov et al. (1995) concluded that the primary 
influence of higher pressures on increased soot formation was related to larger 
concentrations of C2H2 that lead to enhanced soot surface growth and particle nucleation.  
A second factor that promotes the increase in dp is related to the longer residence times 
that are produced at the higher pressures.  Higher pressures produce longer flame lengths 
and reductions in rates of diffusion that combine to produce longer residence times 
(Haynes and Wagner, 1981; Flower and Bowman, 1986; Milberg, 1959).  The increase in 
residence time promotes PAH formation, particle nucleation and surface growth 
mechanisms.   A third factor causing larger dp with increasing pressure is related to 
increases in flame temperatures (Flower, 1984) that lead to enhancement of soot reaction 
rates.  The higher flame temperatures can also increase the regions within the flame that 
are above the critical temperature of ~1,500 K which serves as a threshold of the 
carbonization of the heavy PAH molecules into carbonaceous soot (Dobbins, et al., 
1996). 
 
Table 4.4 Summary of primary particle for diesel soot using diesel engine 
 
 
Investigation dp (nm) Displacement Type of Soot 
 
Chung et al., 2008 29 - 35 4.8 kW (Diesel generator) #2 ULSD diesel 
 
Neer and Koylu, 2006 20 - 35 5.9 L #2 LSD diesel 
 
Song et al., 2006 28 5.9 L #2 ULSD diesel 
 
Zhu et al., 2005 19 - 33 1.7 L California LSD diesel 
 
Park et al., 2004 32 4.5 L Diesel 
 
Lee et al., 2003 19 - 33 1.7 L California LSD diesel 
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In addition to previous investigations on primary particle size measurements using 
controlled laboratory flames, particulate sampling experiments have been performed for 
the exhaust stream from diesel engines.  Table 4.4 provides a list of the primary particle 
sizes  reported in the literature for these studies (Chung et al., 2008; Neer and Koylu, 
2006; Song et al., 2006; Zhu et al., 2005; Park et al., 2005; Lee et al., 2003).  In the 
Table, ULSD refers to Ultra Low Sulfur Diesel (>15 ppmw sulfur) and LSD refers to 
Low Sulfur Diesel (>500 ppmw sulfur).  There are significant variations in dp, with a 
range of 19 nm to 35 nm, for diesel soot collected from the exhaust stream of diesel 
engines.  The potential factors for the wide range of measured values include: differences 
in the engine load conditions; differences in the engine speed; differences in the engine 
type and operating conditions (including displacement, compression ratio, etc).  Another 
important observation is that the average value of dp collected in the exhaust stream of 
diesel engines are significantly smaller than the dp value produced for diesel and 
biodiesel soot at 5 atm.   
The primary factor for the lower value of dp of soot from diesel engines compared 
with present results for 5 atm. experiments diesel soot is related to enhanced particle 
oxidation and shorter residence times.  The experiments of Song et al. (2006) reported 
significant differences in the dp size as soot oxidation was increased for diesel soot 
obtained using medium-load diesel engine (5.9 L, 6 cylinders).  In their experiments, the 
measured dp decreased from 28 nm to 21 nm as oxidation rate was increased from 0 % to 
75 %.  Similarly, the work from Ishiguro and co-worker observed that dp for diesel soot 
was decreased from 35 nm to 28 nm and oxidation rate was increased from 0 % to 75 %.  
A second factor that promotes the decrease in dp is related to the shorter residence times 
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that are available at the higher combustion temperature in diesel engines.  Higher 
temperatures produce shorter residence time that lead to reductions in the rate of particle 
growth (Vemury and Pratsinis, 1995; Matsoukas and Friedlander, 1991).   
Figures 4.13.a-b and 4.14.a-b display the low magnification (12,000x) SEM 
images obtained at 5 atm. and 1 atm. for diesel soot, respectively.  Similarly, Figures 
4.15.a-b and 4.16.a-b display the low magnification (12,000x) SEM images obtained at 5 
atm. and 1 atm. for biodiesel soot, respectively.  These images were used for the analysis 
and measurement of agglomerate dimensions, namely the radius of gyration.  These 
micrographs indicate that the agglomerate sizes (inferred from the maximum lateral and 
vertical dimensions) for diesel and biodiesel soot decrease as pressure is increased.  
Figure 4.17.a-b display the measurements of the average Rg values as a function of 
number of samples from used in the calculation for diesel soot and biodiesel soot at 5 
atm., respectively.  The average values calculated once a sufficient number of samples 
have been analyzed (which corresponds to the number of samples that provide constant 
value of the average Rg) are plotted in Figures 4.18 and displayed in Table 4.5   
 
Table 4.5 Measured values of soot morphology of diesel and biodiesel at 5 atm. and  
  1 atm. 
 
 
 
Rg (nm) 
 
Diesel @ 5 atm. 228 
 
Diesel @ 1 atm. 311 
 
Biodiesel @ 5 atm. 195 
 
Biodiesel @ 1 atm. 264 
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As the pressure is increased, the average Rg decreased significantly.  As tabulated, the 
average Rg is 228 nm for diesel soot at 5 atm., whereas the average Rg is 311 nm at 1 atm.  
Similarly, the average Rg for biodiesel soot at 5 atm. is 195 nm compared to 264 nm at 1 
atm.  A previous investigation by Vemury and Paratsnis (1995) using a laminar diffusion 
flame also reported reductions in Rg at higher pressures that is related to the 
agglomeration rate.  Higher pressures produced increased drag on agglomerates in the 
continuum region (Matsoukas and Friedlander, 1991).  As will be discussed in the 
subsequent section, the fractal properties of the agglomerates indicate that the regime in 
which the mass fractal growth occurs is through agglomerate (cluster) to agglomerate 
(cluster) mechanisms.  Therefore, the increased drag on the agglomerates may affect the 
rate of transport and thus collisions that lead to agglomeration.   
 
Table 4.6 Fractal properties of diesel and biodiesel soot at 5 atm. and 1 atm. 
 
 
 
Np Df kf 
 
Diesel @ 5 atm. 49 1.65 6.2 
 
Diesel @ 1 atm. 431 1.69 7.7 
 
Biodiesel @ 5 atm. 37 1.74 6.2 
 
Biodiesel @ 1 atm. 515 1.56 7.8 
   
With the measurements of the primary particle dimension and the radius of 
gyration, the mass fractal properties (Df and kf) can be measured using the technique 
described in Chapter 3.  The values of kf and the Df  can be obtained by plotting the 
natural logarithm of (Rg/dp) versus the natural logarithm of Np using equation 3.9 (Jensen 
et al., 2007; Williams et al., 2007; Manzello and Choi, 2002; Zhu, 2002; Sorensen et al., 
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1992).  Figure 4.19, Figure 4.20 and Table 4.6 display the measurements of Df and kf for 
diesel and biodiesel soot at elevated pressure conditions.  These values are critically 
important in the understanding of the agglomeration mechanisms and in the analysis of 
the scattering influence on the overall extinction behavior.  
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4.5 Soot Nanostructure Measurements at 5 atm. 
 
For the soot nanostructure investigation, the soot was sampled at the same method 
and location of SEM soot samples 1 atm.  The images of soot nanostructure were 
obtained at magnifications of 1,100,000x.  To obtain the internal structures as distinct 
fringes and tortuosities, the same analysis algorithm (see in Chapter 3) with major 
procedures are performed in present study.  
Figures 4.21.a-b and 4.22.a-b display the HRTEM images of diesel soot sampled 
at 5 atm. and 1 atm., respectively.  Figures 4.23.a-b and 4.24.a-b display the skeletonized 
fringe image (in the subset region identified by the red outline) obtained from the 
HRTEM image of Figure 4.21.a-b (5 atm.) and Figure 4.22.a.b (1 atm.).  For both 5 atm. 
and 1 atm. diesel soot, short-range ordered crystallites (graphene) with aligned 
arrangements at the edge and the core site of primary particles can be visually observed.  
Similar characteristics of the soot nanostructure with short-range order crystallites were 
observed for biodiesel soot at 5 atm. and 1 atm. images as shown in Figures 4.25.a-b and 
4.26.a-b, respectively.  The corresponding skeletonized image is shown in Figures 4.27.a-
b (5 atm.) and 4.28.a-b (1 atm.).  For all cases (diesel and biodiesel soot at 5 atm.), the 
fringe lengths, Lf, and tortuosities, fT, were analyzed from several images and the results 
were combined to provide average values of Lf and fT.  For each case, more than 460 
fringes were analyzed to calculate the average values of the soot nanostructure.   
Figures 4.29 and Table 4.7 display the histogram of measured fringe lengths for 
diesel soot at 5 atm.  The measurements indicate that the average Lf for diesel soot at 5 
atm. is 1.57 nm whereas the measurement for diesel soot at 1 atm. is 1.43 nm, an increase 
of 10 %.  Furthermore, the diesel soot measurement for 5 atm. displays fringe length 
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distributions in which 40 % of fringes are greater than 1.4 nm whereas that for 1 atm. 
displays in which 33 % of fringes are greater than 1.4 nm.  These two factors denote an 
increase in the graphene layers for the 5 atm. experiments compared to the 1 atm. 
experiments.  Figure 4.30 displays the histogram distribution of calculated fringe 
tortuosity for diesel soot at 5 atm.  As the pressure was increased to 5 atm., the average 
tortuosity for diesel soot decreased slightly (fT equal to 1.19 at 5 atm. compared to fT 
equal to 1.21 at 1 atm.).  Furthermore, the distribution of tortuosities larger than 1.4 was 
measured to be 14 % for both pressure cases. 
 
Table 4.7 Summary of fringe analysis for diesel and biodiesel soot at 5 atm. and 1 
atm. 
 
Fuel 
 
Number of fringes AVG Lf  (nm) AVG fT 
Diesel (5 atm.) 722 
 
1.57 1.19 
Diesel (1 atm.) 724 
 
1.43 1.21 
Biodiesel (5 atm.) 462 1.57 
 
1.25 
Biodiesel (1 atm.) 855 1.28 
 
1.33 
 
Figure 4.31 and Table 4.7 display the histogram distribution of measured fringe 
lengths for biodiesel soot at 5 atm.  The measurements indicate that the average Lf for 
biodiesel soot at 5 atm. is 1.57 nm whereas the measurement that for biodiesel soot at 1 
atm. is 1.28 nm, an increase of 23 %.  As shown in the figures, the biodiesel soot 
measurement for at 5 atm. displays fringe length distributions in which 35 % of fringes 
are greater than 1.4 nm whereas that for at 1 atm. displays in which 31 % of fringes are 
greater than 1.4 nm.  For the biodiesel soot, the increase in pressure resulted in a greater 
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degree of crystallite order compared to the measurements performed at 1 atm.  Figure 
4.32 displays the histogram distribution of fringe tortuosities for biodiesel soot at 5 atm.  
The average tortuosity decreased as a function of pressure from a value of 1.33 at 5 atm. 
to 1.25 at 1 atm.  The analysis of the distribution of tortuosities greater than 1.4 also 
illustrated a reduction as a function of pressure.  At 5 atm., the percentage of tortuosities 
greater than 1.4 was 17 % whereas the corresponding value at 1 atm., it was 19 %. 
These measurements indicate that for diesel and biodiesel soot, the increase in the 
operating pressure under which soot particles are formed produces nanostructures with 
lower degrees of curvature (lower values of fT), longer-range order (higher values of Lf), 
and attendantly more graphitic structure which may lead to presence of higher levels of 
sp2 carbon bonds (compared to sp3 bonds).   
 The present experiments represent one of the few investigations of HRTEM 
analysis of the nanostructure of diesel and biodiesel soot at high pressures using 
laboratory flames.  There have been some recent developments of HRTEM analysis of 
soot produced from diesel engines burning biodiesel (Song et al., 2006), coal-derived 
diesel (Song et al., 2006) and conventional diesel fuels (Zhu et al, 2005; Vander Wal et 
al., 2007).  The HRTEM examinations of soot in these experiments provide some 
additional insights regarding the nanostructure variation.  In the experiments by Song et 
al. (2006), nanostructure of Fischer-Tropsch (FT) process-derived diesel and biodiesel 
soot collected in the exhaust stream of a medium-duty diesel engine (5.9 L, 6 cylinders) 
was analyzed.  In that study, the initial (collected and analyzed without further oxidation) 
and oxidized (that produced approximately 75 % burn-off conditions) soot particles were 
analyzed using HRTEM and subsequent fringe analysis.  In this study, the oxidation 
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process for biodiesel resulted in the further graphitization of the initial structures that 
displayed turbostratic characteristics.  For example, the average fringe length of initially 
collected biodiesel soot was 2.8 nm whereas the biodiesel soot that underwent oxidation 
(corresponding to 75 % burn-off) produced soot nanostructure with an average fringe 
length of 4.5 nm.  For the FT diesel soot, the application of oxidation (also corresponding 
to 75 % burn-off) resulted in a reduction of the average fringe length from 2.8 nm to 2.1 
nm.  Therefore, for the FT diesel soot, the oxidation process resulted in nanostructure that 
displayed higher degree of turbostratic characteristics.  
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4.6 Analysis of the Scattering Behavior for Diesel and Biodiesel Soot Collected at 
5  atm. 
 
Utilizing the measured dp, Rg and Df and other morphological properties, the 
influence of scattering on the overall dimensionless extinction constant was examined for 
the diesel and biodiesel soot produced at 5 atm.  Table 4.8 displays the parameters that 
were used in the calculation of the scattering to extinction albedo for diesel and biodiesel 
soot using 632.8 nm and 1064 nm and at 5 atm. and 1 atm.   
 
Table 4.8 Summary of parameters used to calculate the scattering to extinction 
albedo for diesel and biodiesel soot at 632.8 nm and 1064 nm 
 
 
 
PN  
2
PN  α pd  2gR  fD  
 
Diesel (5 atm.) 49 3901 80 96 61417 1.654 
 
Diesel (1 atm.) 431 269372 624 42 113210 1.688 
 
Biodiesel (5 atm.) 37 2144 58 98 45625 1.738 
 
Biodiesel (1 atm.) 515 410321 796 34 84052 1.563 
 
The refractive indices used for the analysis of the scattering to extinction albedo 
are described below: 
7) Graphite with a refractive index of 2.7 – 1.4i (Stagg and Charalampopolous, 
1993) 
8) Amorphous carbon with a refractive index of 2.4 – 1.0i (Stagg and 
Charalampopolous, 1993) 
9) Flame-generated soot with a refractive index of 1.5 – 0.4i (Stagg and 
Charalampopolous, 1993) 
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10) Propane soot with a refractive index of 1.57 – 0.56i (Dalzell and Sarofim, 1969) 
11) Polystyrene and Plexiglas soot with a refractive index of 1.90-0.43i (Lee and Tien, 
1981) 
12) Crude oil soot with a refractive index of 1.55-0.78i (Dobbins et al., 1994). 
 
Table 4.9 displays the calculated scattering to extinction albedo at 632.8 nm and 
1064 nm at 5 atm.  Table 4.10 displays the calculated scattering to extinction albedo at 
632.8 nm and 1064 nm at 1 atm.  Recognizing that diesel soot at 5 atm. displays 
structures that are less graphitic than those of biodiesel soot at 5 atm., the calculations for 
the scattering to extinction albedo were calculated using amorphous soot (refractive index 
set #2) for diesel and graphite (refractive index set #1) for biodiesel soot.   
 
Table 4.9 Summary of calculated the scattering to extinction albedo for diesel and 
biodiesel soot at 632.8 nm and 1064 nm at 5 atm. 
 
 
 
ωa(1) ωa(2) ωa(3) ωa(4) ωa(5) ωa(6) 
 
Diesel (1064 nm) 0.434 0.422 0.185 0.173 0.413 0.174 
 
Diesel (632.8 nm) 0.659 0.647 0.363 0.346 0.639 0.346 
 
Biodiesel (1064 nm) 0.405 0.392 0.168 0.157 0.385 0.157 
 
Biodiesel (632.8 nm) 0.639 0.627 0.343 0.326 0.619 0.327 
 
These results clearly demonstrate the influence of morphological changes caused 
by high pressure on the scattering to extinction behavior of diesel and biodiesel soot.  For 
example, the comparisons of the 5 atm. biodiesel (using graphite refractive index set #1) 
albedo of 0.639 is more than 50 % higher than the albedo value of 0.420 calculated for 1 
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atm. biodiesel soot using the refractive index of amorphous soot (refractive index set #2).  
The significant increase in the size of the primary particle (for which the influence on the 
scattering constant is dependent ~ dp3) for the 5 atm. experiments compared to the 1 atm. 
produces dramatic increase in the scattering behavior.  For example, the 128 % and 
190 % increase in the dp for diesel and biodiesel soot at 5 atm. compared to the 1 atm. 
experiments will increase the cube of the optical size parameter, xp3, used in scattering to 
extinction albedo equation by an order of magnitude.  Similar variations were also 
observed for diesel soot at 5 atm. compared to the 1 atm. experiments.  
 
Table 4.10 Summary of calculated the scattering to extinction albedo for diesel and 
biodiesel soot at 632.8 nm and 1064 nm at 1 atm. 
 
 
 
ωa(1) ωa(2) ωa(3) ωa(4) ωa(5) ωa(6) 
 
Diesel (1064 nm) 0.274 0.263 0.100 0.093 0.257 0.094 
 
Diesel (632.8 nm) 0.467 0.454 0.205 0.193 0.445 0.194 
 
Biodiesel (1064 nm) 0.236 0.266 0.083 0.078 0.220 0.078 
 
Biodiesel (632.8 nm) 0.433 0.420 0.184 0.173 0.412 0.173 
 
The variation in the Ke values as a function of wavelength as shown in Figure 4.5 
and Figure 4.6 is strongly influenced by the reduction in the scattering component.  With 
all other parameters kept constant (refractive index, dp, Rg and Df , etc shown in Table 
4.9), the increase in wavelength caused a significant reduction in the overall Ke values 
can be attributed to the reductions in the scattering component.  This behavior can be 
observed through the λ−3 dependence of the scattering constant as shown in equation 3.17.  
The reduction in the scattering component of extinction also provides a closer 
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approximation of the Rayleigh limit (since the particle dimensions become smaller 
compared to the wavelength) as the wavelength is increased from 632.8 nm to 1064 nm.  
These results support the experimental observation that the dimensionless light extinction 
decreases as a function of wavelength. 
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4.7 Conclusion 
Dimensionless extinction constant, Ke, for diesel and biodiesel soot from laminar 
diffusion flame at elevated pressure conditions of 5 atm. were performed using incident 
wavelengths of 632.8 nm to 1064 nm.  For diesel soot, the average Ke at 5 atm. was 12.8 
± 0.5 at 632.8 nm.  For biodiesel soot, the average Ke soot at 5 atm. was 11.3 ± 0.5 at 
632.8 nm.  Significant variations in the Ke values were observed as wavelength was 
increased to 1064 nm.  The Ke values for diesel and biodiesel was reduced to 11.5 ± 0.2 
and 10.2 ± 0.2, respectively, for the 1064 nm experiments at 5 atm.  For the 632.8 nm 
experiments, the differences in the measured values Ke for diesel soot and biodiesel soot 
at 5 atm. are 15 % and 4 %, respectively, compared to the corresponding values at 1 atm.  
For the 1064 nm experiments, the differences in the measured value Ke for diesel soot and 
biodiesel soot at 5 atm. are 11 % compared to the corresponding values at 1 atm.   
These measurements of Ke values for diesel soot and biodiesel at 632.8 nm and 
1064 nm obtained at the higher pressure conditions clearly indicate that there are 
measurable differences as a function of fuel-type, wavelength and pressure.  These 
variations will affect the measurement of soot concentration using techniques such as 
light extinction and laser-induced incandescence measurements that rely upon Ke values.  
However, the magnitude of all of the measurements performed at the 5 atm. condition 
(which range from a low of 10.2 for biodiesel at 1064 nm to a high of 12.8 for diesel at 
632.8 nm) are more accurate than the traditional value of Ke that is calculated using 
refractive index and the Rayleigh limit solution.  The measurements of Ke and its 
variation with wavelength, pressure and fuel-type provide significant insights that can 
extend the current understanding of optical property variation of practical soot and will 
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be important for use in non-intrusive diagnostic measurements performed at higher 
pressures     
The analysis of the morphological properties for the soot produced at 5 atm. 
condition indicated increases in the primary particle dimension and reductions in the 
radius of gyration for both diesel and biodiesel soot.  The variation in the Ke values can 
be attributed to a reduction in the scattering to extinction behavior at the higher 
wavelengths.  Nanostructure studies indicated that the higher pressure conditions 
produced increased the levels of graphitic characteristics for diesel and biodiesel soot.  
Detailed investigations related to the measurement of refractive index, m = n - ik, 
variation for soot at high pressure conditions, which are beyond the scope of this 
dissertation, are recommended to provide additional insights regarding the potential 
influence of m on the Ke values.    
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4.8 Figures 
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Figure 4.1 Laser transmittance (I) through the TCRN cell using a 632.8 nm laser for  
diesel soot experiment at 5 atm. 
 
 
 
 
 
 
 
 
 191
 
 
 
0
0.4
0.8
1.2
1.6
2
0 200 400 600 800 1000 1200
La
se
r I
nt
en
si
ty
 (I
)
Time(sec)
Sampling 
  period
 
 
 
Figure 4.2 Laser attenuation (I/Io)through the TCRN cell using a 632.8 nm laser for  
diesel soot experiment at 5 atm. 
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Figure 4.3 Light attenuation, ln(I/Io) as a function of soot collected for (a) diesel soot  
and (b) biodiesel soot at 5 atm. 
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Figure 4.4 Measured Ke for diesel soot and biodiesel soot at elevated pressure  
conditions at 632.8 nm wavelength laser 
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Figure 4.5 Measured Ke for diesel and biodiesel soot at 5 atm. at different  
wavelengths laser 
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Figure 4.6 Measured Ke for diesel soot and biodiesel soot at elevated pressure  
conditions at 1064 nm wavelength laser 
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(a) 
 
 
 
Figure 4.7 Image from Scanning Electron Microscope (SEM) for diesel soot at 5 atm.  
at location (a) #1and (b) #2 (48,000x) 
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(a) 
(b) 
 
 
 
Figure 4.8 Image from Scanning Electron Microscope (SEM) for diesel soot at 1 atm.  
at location (a) #1and (b) #2 (48,000x) 
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Figure 4.9 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 5  
atm. at location (a) #1 and (b) #2 (48,000x) 
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Figure 4.10 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 1  
atm. at location (a) #1 and (b) #2  (48,000x) 
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Figure 4.11 Average of primary particle, dp, as function of number of sample for 
(a) diesel soot and (b) biodiesel soot at 5 atm. 
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Figure 4.12 Average primary particle size for diesel soot and biodiesel soot at elevated  
pressure conditions 
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(a) 
 
 
 
Figure 4.13 Image from Scanning Electron Microscope (SEM) for diesel soot at 5 atm.  
at location (a) #1 and (b) #2 (12,000x) 
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(b) 
 
 
 
Figure 4.14 Image from Scanning Electron Microscope (SEM) for diesel soot at 1 atm.  
at location (a) #1 and (b) #2 (12,000x) 
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(a) 
(b) 
 
 
Figure 4.15 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 5  
atm. at location (a) #1 and (b) #2 (12,000x) 
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Figure 4.16 Image from Scanning Electron Microscope (SEM) for biodiesel soot at 1  
atm. at location (a) #1 and (b) #2 (12,000x) 
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Figure 4.17 Average of radius of gyration, Rg, as function of number of sample for  
(a) diesel soot and (b) biodiesel soot at 5 atm. 
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Figure 4.18 Average radius of gyration for diesel soot and biodiesel soot at elevated  
pressure conditions 
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Figure 4.19 Average fractal dimension, Df for diesel soot and biodiesel soot at elevated  
pressure conditions 
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Figure 4.20 Average fractal prefactor,  Kf for diesel soot and biodiesel soot at elevated  
pressure conditions 
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(a) 
 
(b) 
 
 
 
Figure 4.21 High Resolution Transmission Electron Microscope (HRTEM) image for  
diesel soot at 5 atm. at location (a) #1 and (b) #2 (1,1000,000x) 
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(a) 
 
(b) 
 
 
 
Figure 4.22 High Resolution Transmission Electron Microscope (HRTEM) image for  
diesel soot at 1 atm. at location (a) #1 and (b) #2 (1,1000,000x) 
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(a) 
 
(b) 
 
 
 
Figure 4.23 Skeletonized fringe images for diesel soot at 5 atm. at location (a) #1 and  
(b) #2 
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(b) 
 
 
 
Figure 4.24 Skeletonized fringe images for diesel soot at 1 atm. at location (a) #1 and  
(b) #2 
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(a) 
 
(b) 
 
 
 
Figure 4.25 High Resolution Transmission Electron Microscope (HRTEM) image for  
biodiesel soot at 5 atm. at location (a) #1 and (b) #2 
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(a) 
 
(b) 
 
 
 
Figure 4.26 High Resolution Transmission Electron Microscope (HRTEM) image for  
biodiesel soot at 1 atm. at location (a) #1 and (b) #2 
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(b) 
 
 
 
Figure 4.27 Skeletonized fringe images for biodiesel soot at 5 atm. at location (a) #1 
and (b) #2 
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(b) 
 
 
 
Figure 4.28 Skeletonized fringe images for biodiesel soot at 1 atm. at location (a) #1 
and (b) #2 
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Figure 4.29   Histogram distribution of fringe length for diesel soot at 5 atm. 
 219
 
 
 
 
 
 
 
 
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0
2
4
6
8
10
12
14
16
 
 
%
 o
f f
rin
ge
s
Fringe Tortuosity
Diesel (5 atm.)
 
 
 
Figure 4.30   Histogram distribution of fringe tortuosity for diesel soot at 5 atm. 
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Figure 4.31   Histogram distribution of fringe length for biodiesel soot at 5 atm. 
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Figure 4.32   Histogram distribution of fringe tortuosity for biodiesel soot at 5 atm. 
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CHAPTER 5: Conclusion 
 
5.1 Conclusion  
 
For practical fuels such as JP-8 and diesel, the examination and measurement of 
their optical properties are recent developments in the combustion, fire and heat transfer 
community (Zhu et al., 2004; Jensen et al., 2007).  Furthermore, extensions of the 
experiments to include variations of Ke with wavelength, pressure and fuel-dependence 
have not been performed for practical and alternative fuels.  In this study, the optical 
properties of diesel (Ultra Low Sulfur Content Diesel) and biodiesel (Soy Methyl Ester, 
B100) soot were measured using a modified simultaneous gravimetric sampling 
technique for a variety of conditions which meet an important need for accurate 
measurement using non-intrusive diagnostic techniques.    
In this study, the GSLE technique and apparatus was significantly improved to 
provide accurate values of Ke for both diesel and biodiesel soot.  The improvements 
included the design of a high pressure combustion chamber and a diffusion flame burner 
for high soot yield, analysis and experimental modifications to reduce the influence of 
soot settling, detailed calibration of the mass, soot sampling, and light extinction 
measurements to reduce uncertainties in the measurement of Ke.   
The dimensionless extinction constants, Ke, of soot produced from diesel and 
biodiesel laminar diffusion flames were measured at 632.8 nm and 1064 nm.  This work 
represents the first measurement of the light extinction properties of ultra low sulphur 
diesel soot and biodiesel soot.  For diesel soot, the average Ke at 632.8 nm and 1064 nm 
was 11.1 ± 0.5 and 10.5 ± 0.3, whereas, the average Ke for biodiesel soot at 632.8nm and 
1064 nm was 11.8 ± 0.5 and 9.4 ± 0.3, respectively.  These measurements for the soot 
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optical properties are important for use in non-intrusive laser and radiative diagnostic 
techniques such as light extinction technique for soot concentration measurements, two-
wavelength pyrometry for soot volume fraction and temperature measurements, laser-
induced incandescence for soot volume fraction distribution measurements, and radiative 
heat transfer calculations using the Planck-mean absorption coefficients.   
As part of this study, soot physical and fractal properties were measured through 
thermophoretic sampling and subsequent SEM analysis for primary particle size, radius 
of gyration, and fractal dimension.  High resolution TEM analysis was used to determine 
the nanostructure of soot using measurements of the fringe length and tortuosity.  These 
parameters indicate that the diesel soot display properties that are more closely aligned to 
graphitic properties than amorphous properties as marked by longer fringe lengths and 
lower degree of curvature (as defined by tortuosity).  The influences of scattering and 
beam shielding were examined the RDG theory and the Mulholland and Mountain (1999) 
theory, respectively, using the reported refractive indices for a variety of carbonaceous 
material.  Scattering represents an important component of extinction that can produce 
scattering to extinction ratios that are as high as 0.467 (for diesel soot at 632.8 nm and 
using graphite refractive index).  The influence of scattering decreases with wavelength 
from 632.8 nm to 1064 nm (due to the reduction in the soot dimensions compared to 
wavelength) and corresponds to the reduction in the measured Ke values.  Although 
reductions with wavelength are expected based on numerical modelling results, the 
magnitude of beam shielding is not significant compared to the scattering behaviour.      
Dimensionless extinction constant, Ke, for diesel and biodiesel soot from laminar 
diffusion flame at elevated pressure conditions of 5 atm. were performed using incident 
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wavelengths of 632.8 nm to 1064 nm.  For diesel soot, the average Ke at 5 atm. was 12.8 
± 0.5 at 632.8 nm.  For biodiesel soot, the average Ke soot at 5 atm. was 11.3 ± 0.5 at 
632.8 nm.  Significant variations in the Ke values were observed as wavelength was 
increased to 1064 nm.  The Ke values for diesel and biodiesel was reduced to 11.5 ± 0.2 
and 10.2 ± 0.2, respectively, for the 1064 nm experiments at 5 atm.  For the 632.8 nm 
experiments, the differences in the measured values Ke for diesel soot and biodiesel soot 
at 5 atm. are 15 % and 4 %, respectively, compared to the corresponding values at 1 atm.  
For the 1064 nm experiments, the differences in the measured value Ke for diesel soot and 
biodiesel soot at 5 atm. are 11 % compared to the corresponding values at 1 atm.   
These measurements of Ke values for diesel soot and biodiesel at 632.8 nm and 
1064 nm obtained at the higher pressure conditions clearly indicate that there are 
measurable differences as a function of fuel-type, wavelength and pressure.  These 
variations will affect the measurement of soot concentration using techniques such as 
light extinction and laser-induced incandescence measurements that rely upon Ke values.  
However, the magnitude of all of the measurements performed at the 5 atm. condition 
(which range from a low of 10.2 for biodiesel at 1064 nm to a high of 12.8 for diesel at 
632.8 nm) are more accurate than the traditional value of Ke that is calculated using 
refractive index and the Rayleigh limit solution.  The measurements of Ke and its 
variation with wavelength, pressure and fuel-type provide significant insights that can 
extend the current understanding of optical property variation of practical soot and will 
be important for use in non-intrusive diagnostic measurements performed at higher 
pressures     
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The analysis of the morphological properties for the soot produced at 5 atm. 
condition indicated increases in the primary particle dimension and reductions in the 
radius of gyration for both diesel and biodiesel soot.  The variation in the Ke values can 
be attributed to a reduction in the scattering to extinction behavior at the higher 
wavelengths.  Nanostructure studies indicated that the higher pressure conditions 
produced increased the levels of graphitic characteristics for diesel and biodiesel soot.  
Detailed investigations related to the measurement of refractive index, m = n - ik, 
variation for soot at high pressure conditions, which are beyond the scope of this 
dissertation, are recommended to provide additional insights regarding the potential 
influence of m on the Ke values.    
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